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CYANIDE-SENSITIVE BACTERIAL RESPIRATORY SYSTEMS DIF 
FERENT FROM THE USUAL CYTO CHROME-CYTO CHROME 
OXIDASE SYSTEM* 

By M G SEVAG and M SHELBURNE 
(From the Department of Bacteriology The School of Medicine , University of 
Pennsylvania Philadelphia) 

(Received for publication May 22 1942) 

In previous communications (Sevag and Shelburne, 1942) it was shown that 
sulfonamide drugs inhibited the aerobic respiration and anaerobic glycolysis 
of Streptococcus pyogenes and the respiration of pneumococcus Type 1 The 
inhibition of respiration could take place in the absence of growth In the 
presence of growth the inhibition of respiration and of growth occurred to the 
same relative extent It is therefore, evident that the sulfonamide drugs in 
terfered primarily with the respiratory enzyme systems of the bacteria studied 

To determine which enzyme systems are inhibited by the sulfonamide drugs, 
it is necessary to learn the nature of the catalysts associated with the respiratory 
functions of these organisms 

The present study shows that Streptococcus pyogenes and pneumococcus 
Type 1 contain cyanide sensitive respiratory systems which are different from 
the usual cytochrome c-cytochrome oxidase system. 1 The respiratory systems 
of these bacteria appear to be similar to that found by Kcilm and Harpley 
(1941) m B colt 


EXPERIMENTAL RESULTS 

Inhibition of the Aerobic Respiration of Streptococcus Pyogenes and Pneumococcus 
Type 1 by KCN t NaNt and Na*S The measurement of respiration of strep- 
tococcus and pneumococcus was earned out as described in the previous com 
munications (Sevag and Shelburne, 1942) Glucose was used as substrate 
The results of numerous experiments in the presence of KCN are given in 
Table L 

The results show that the respiration of all of the virulent and non virulent 
strains of Streptococcus pyogenes and pneumococcus Type 1 is strongly though 
not completely inhibited by 0 01 to 0 0001 u KCN 

* This work was started under a grant from The Commonwealth Fund and con 
tinued under grants from The Josiah Macy Jr Foundation and Merck and Co 

1 In addition to the presence of cyanide-sensitive respiratory systems, StrepUh 
coccus pyogenes and pneumococcus Type 1 appear to contain also a cyanide-insen si 
tive system (possibly dehydrogenaae-coxymase-flavoprotem system) This is borne 
out by the fact that aerobic respiration of these bacteria is not completely inhibited 
by poisons known to be specific inhibitors of heme type of enzymes 

1 
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In experiments with pneumococci the presence of 0 01 m pyruvate increased 
the respiration by 25 per cent This increase in the respiration is not due to 
the metabolism of pyruvate as substrate but is due to the removal by pyruvate 

TABLE I 


Inhibition of the Aerobi-c Respiration of Streptococcus pyogenes and- Pneumococcus Type 1 by 

Potassium Cyanide 


Experiments 

Bacterial strain 

Bacterial 

cells 

C mm Oi 
consumed during 
2 hr* Normal 
respiration 

Per cent inhibition by KCN 


per test 

0 01 u 

0 001 it 

0.0001 11 

1 

C203M 

ms 

1 39 

158 

65 

53 


2 

tt 

1 13 

234 

— 

74 

43 

3 

tt 

0 72 

182 

— 

65 

52 

4 

it 

1 50 

174 

— 

67 

47 

5 

tt 

1 27 

165 

83 

83 

40* 

6 

tt 

1 73 

68 

88 

82 

60 

7 

tt 

3 48 

257 

90 

88 

73 

S 

C203S 

0 91 

91 

— 

46 

24 

9 

a 

0 91 

97 


42 

31 

10 

tt 

0 83 

156 

— 

32 

38 

11 

C203R 

0 94 

61 

— 

26 

18 

12 

It 

— 

120 


50 

17 

13 

U 

2 76 

186 

69 

65 

51 

14 

16S5M 

1 54 

215 

— 

63 

33 

15 

« 

1 12 

151 

— 

63 

— 

16 

16S5S 

1 54 

153 

— 

60 

39 

17 

tt 

0 76 

124 

— 

66 

45 

18 

1048M 

1 91 

341 

— 

60 

26 

19 

l< 

1 91 

346 

— 

59 

34 

20 

Pneu Type 1 

0 90 

514 

— 

40 

19 

21 

tt 

2 SO 

844 

71 

64 

13 

22 

tt 

1 83 

904 

70 

63 

14 


* 0 00001 ii concentration of KCN gave 33 per cent inhibition 

Each vessel contained 0 4 cc of 0 1 it glucose, KCN as designated, 0 5 cc yeast extract, 
0 5 cc normal horse serum, 0 4 cc of twice washed organisms (4 hr cultures), and the total 
volume made to 5 8 cc. with phosphate buffer of pH 7 3 0 3 cc of 20 per cent KOH was 

placed m the alkali tube Controls containing no organisms were run on all vessels and the 
necessary correcUons made 

Experiments 6, 7, 13, 22, and 23 contained m the alkali tube of the Warburg vessel a 
KOH-KCN mixture which gave the same partial pressure of HCN as that of the mixture 
studied (Krebs, 1935) 

M => mucoid, S = smooth, R = rough strains of Streptococcus pyogenes 

of the toxic H;0» formed during the oxidation of glucose (Sevag, 1933) The 
inhibition of the respiration by cyanide m the presence of pyruvate was re- 
duced from 52 to 3S, and from 32 to 20 per cent, with 0 004 m and 0 001 M 
KCN respectively 
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The results of the experiments on the inhibition of the aerobic respiration of 
Streptococcus pyogenes and pneumococcus Type 1 by sodium azide are given 
in Table H The experiments were earned out at pH 5 9 to liberate the max- 
imum amount of hydrozoic sad It will be seen that 0 01 to 0 0001 n sodium 
azide strongly inhibited the respiration of both organisms Pneumococcal 
respiration was inhibited to a greater extent than that of streptococci The 
results of experiments (not given m Table H) earned out at pH 7 4 likewise 
showed that 0 01, 0 001, and 0 0001 u sodium azide inhibited streptococcal 
respiration, 76, S3, and 15 per cent, respectively, and that of pneumococcus 
89, 31, and 13 per cent, respectively Inhibition with sodium azide appeared 
to be more pronounced at lower pH values 


TABLE n 

InJssbttion of the Acroinc Respiration of Streptococcus pyopnes and Pneumococcus Type 1 by 
Sodium And* 


Strain of 
orranJoun 

Bacteria per tat 

Cjnm O* 
coramned ctartnf 

2 hrv Normal 
rapiratioc 

j Per cent UUbltkm bjrNaNi 

0X11 K 

0.001 u 

0X001 h 

C203M 

"t 

1 73 

21 

100 

60 

0 


3 48 

88 

92 

80 

33 

C203R 

2 74 

80 

— 

35 

33 

Poeum. 

2 18 

719 

97 

97 

58 

u 

2 12 

571 

94 

97 

74 


Each vtwel contained 0 4 cc. of 0 1 M glucose NaNi u designated, 0-5 cc. yeast extract, 
0-5 cc. normal hone serum, 0 4 cc. of 4 hr twice washed organisms, and the total volume made 
to 5.8 cc. with phosphate buffer at pH 5.9 0 J cc. of 20 per cent KOH was placed fa the 

alkali tube of the vessel. Controls containing no organisms were run on all vesaeb and the 
nece*ary corrections made. 

At pH 7 73, 0 01 M and 0 001 m sodium sulfide inhibited the respiration of 
Streptococcus pyogenes (C203M) 50 and 60 per cent, respectively Under 
identical conditions the inhibition of the respiration of pneumococa with 
sodium sulfide was, respectively 33 and 8 per cent. The results of experiments 
earned out at pH 7 4 were similar 

Rcoersibtltiy of ike Aerobic KCN Inhibition — A suspension of Streptococcus 
pyogenes was treated with 0 001 li KCN for 30 minutes, centrifuged, and the 
supernatant discarded The bacteria were then washed in phosphate buffer 
and suspended in phosphate buffer solution The activity of the suspension 
was determined in the presence and in the absence of KCN A control sus- 
pension which had not recaved any treatment with KCN was used for com 
panson The respiration of the suspension which had been treated with KCN 
and washed showed no appreciable difference from that of the untreated 
control. 
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Inhibition of the Anaerobic Glycolysis of Glucose m Pneumococcus Type 1 — 
The anaerobic glycolysis of glucose in Streptococcus pyogenes was not inhibited 
by either KCN or NaN 3 m three out of four experiments In contrast, the 
anaerobic glycolysis of glucose in pneumococcus Type 1 was inhibited by KCN 
(Table III) (The inhibition with 0 01 m sodium azide was 21 per cent ) 
Experiments on the Presence of Cytochrome c-Cylochrome Oxidase System — 
The strong inhibition of the aerobic respiration of Streptococcus pyogenes and 
pneumococcus Type 1 by well known heme poisons such as KCN, NaN 3 , and 
Na 2 S would suggest that the respiration is m part catalyzed by the heme type 
of oxidase sytem We were, however, unable to demonstrate the presence of 
cytochrome c m these organisms using a pocket spectroscope with which the 

TABLE m 


Inhibition of the Anaerobic Glycolysis of Glucose by Pneumococcus Type 1 with Potassium Cyanide 



Organism 

Bactena 

Cjnm COi 
e\ olved during 

2 hrs Normal 
glycolysis 

Per cent inhibition by KCN 


per test ^ 

0 001 u 

0 0005 M 

0 0002 u 

ooooi u 

1 

Pneumococcus I 

m 

mm 

40 


H 

0 

2 

<( 

BIB 

mSSm. 

40 


mm 

15 

3 

(C 

0 99 

1920 

35 

25 

12 

6 

4 

U 

0 99 

1565 

26 

17 

16 

14 


Each vessel contained 0 27 cc of 0 2 ji glucose, 0 27 cc of 1 u NaliCOj, KCN as desig- 
nated, 0 5 cc of yeast extract, 0 5 cc normal horse serum, 0 4 cc of twice washed organisms 
(4 hr culture), and the total volume made to 5 8 cc with 0 9 per cent NaCl solution The 
system was adjusted to a pH of 7 3 with a glass electrode Systems 2 and 4 contained also 
0 2 cc of ii/15 phosphate buffer of pH 7 3 The experiments were earned out at 37 5°C 
in an atmosphere of 95 per cent N and 5 per cent COj 

c bands of bakers’ and brewers’ yeast could be seen easily We were also un- 
able to demonstrate the presence of cytochrome c by measuring, manometn- 
cally and colonmetrically, the oxidation of ^-phenylencdiamine by strep- 
tococcus and pneumococcus Our results suggest that these bacteria do not 
catah ze the Os-uptake by p-phenylenediamme The addition of cytochrome 
c to the s> stems did not influence the reaction 

It is interesting to note that B sublilts and B proleus, known (Stephenson, 
1939) to contain cy tochrome c, also usually do not catalyze the oxygen uptake 
of p-pheny lenediamme - In contrast, B pyocyaneus ( Pseudomonas aeruginosa ) 
and veast oxidized />-phenylenediamine readily 

2 Accordmg to Frei, Reidmuller, and Almasy (1934) B pyocyaneus contains o, b, 
and c cy tochrome components and gives a colorimetric cytochrome oxidase test 
In contrast, their results with B subtihs were irregular Though certain cultures of 
B sublilis spectroscopically showed cytochrome components o, b, and c, and gave a 
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Keilin (1929) showed that heated yeast contains an oxidase system which 
oxidizes ^-phenylenedmmine giving a dark purple menqumoid salt Keilin 
and Harpley (1941) stated that a positive reaction is obtained only in the 
presence of both a s and c components Using Keikn’s method (with slight 
modification) we were able to demonstrate that Streptococcus pyogenes, Esch 
crichia colt, pneumococcus Type 1, and Staphylococcus aureus, which do not 
con tarn cytochrome c, fail to give positive color reactions with ^-phenylene 
diamine. On the other hand, yeast, B subltlts, and B pyocyaneus which 
contain all the components of cytochrome reacted positively The only ex 
ception to this latter group was B proletis which gave negative results (see 
discussion) 

Streptococcus pyogenes and pneumococcus likewise did not catalyze the Or 
uptake by hydroqumone (0 02 m) as a substrate for the cytochrome-cytochrome- 
oxidase system 

Streptococci but not pneumococci catalyzed the ox>gen uptake in the pre- 
sence of a 0 02 m solution of cysteine A suspension of streptococci in a con 
trol \essel consumed only 5 c mm. of O* during 90 minutes at 37.5°C In 
the presence of cysteine at pH 6 9, 37 c mm of Oi, and in another experiment 
67 c. mm. of O s were consumed an increase of 5- to 12 fold m Or-uptake 
(these values are corrected for the auto-oxidation of cysteine) 

Tests for Copper Protein Enzymes and Xanthine Oxidase — Streptococcus 
pyogenes and pneumococcus Type 1 failed to catalyze oxygen uptake in the 
presence of tyrosine, adrenalin, pyrocatechm, xanthine, and hypoxanilnne show 
mg that these organisms do not contain either copper protein enzymes or 
xanthine oxidase 

A Thermostable System with Peroxidase Activity — It 13 known that numerous 
aerobic bacteria contain a thermostable peroxidase (Callow, 1926, Keilin, 1929) 
Farrell (1935) showed that hemolytic streptococci contained a thermostable 
peroxidase, though spectoscopicall} he could not find peroxidase bands m 
streptococcal suspensions In view of the fact that 7J2 X 10"* mg/cc, of 
hemrn (1 1 X 10~ T u) gives a positive peroxidase test (unpublished observation), 
the negative spectroscopic results do not indicate that the thermostable per ox 

weak colorimetric cytochrome oxidase teat the cultures of three strains (*.« Marburg 
Hutten and Michigan) of B jutiilu in numerous spectroscopic testa showed only 
a and b cytochrome components and failed to give cytochrome oxidase testa They 
stated that the presence and absence of cytochrome oxidase and the cytochrome com- 
ponents are controlled by (a) the age and the degree of spore formation (6) specific 
characteristics of the strains and (c) certain unknown factors controlling the forma 
tion of cytochrome during growth. B prolevs contained cytochrome components 
a and 6, and failed to give the cytochrome oxidase test. A strain of Streptococcus 
kemolyltcus contained neither cytochrome components nor gave a cytochrome 0 x 1 
dase test. 
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idase in bactena is not of the hematm type Using Farrell’s technique we 
obtained a positive peroxidase reaction with boiled and unboiled, aerated and 
unaerated suspensions of Streptococcus pyogenes, pneumococcus Type 1, E coh, 
and normal horse serum. Even though the serum contained no visible hemo- 
lyzed blood, the positive peroxidase reaction which it gave would indicate the 
presence of traces of hematm derivative 

DISCUSSION 

Fujita and Kodama (1934) reported that cyanide and CO did not inhibit 
the respiration of Streptococcus hemolyttcus, Streptococcus vmdans, and pneu- 
mococcus Types 1, 2, and 3 Neither the streptococci nor the pneumococa 
were stated to contain any of the cytochrome components Tamiya and 
Yamagutchi (1933) on the other hand, reported the presence of cytochrome 
bands m Streptococcus erysipelatts and in pneumococcus Type 1 Barron and 
Jacobs (1938) showed that 0 01 M HCN inhibited the oxidation of glucose by 
three strains of hemolytic streptococa, while three other strains were found to 
be insensitive to cyanide These results were emphasized to show that dif- 
ferent strains of hemolytic streptococci exhibited different metabolism They 
also showed that a strain of streptococcus which was insensitive to HCN be- 
came partially sensitive to it on repeated transplantation over a period of 8 
months 

In our experiments the aerobic respiration of Streptococcus pyogenes and pneu- 
mococcus Type 1 was strongly inhibited by KCN, NaN s , and Na 2 S The 
results with pneumococcus were in contrast to those found previously (Seva g, 
1933) with another strain of pneumococcus Type 1 which was insensitive to 
cyanide It was also shown (Sevag, 1933, Sevag and Manveg, 1934) that two 
strains of pneumococcus belonging to the same type exhibited different meta- 
bolism These findings show that our observations m this respect are in 
agreement with those of Barron and Jacobs (1938) 

This inhibition of the respiration of Streptococcus pyogenes and pneumococcus 
Type 1 by heme poisons might indicate a cytochrome c-cytochrome oxidase 
catal} sis of the respiratory processes of these bactena However, these bac- 
tena were incapable of oxidizing p-phenylenediamme which is known to be a 
specific substrate for the cytochrome c-cytochrome oxidase system Except 
for an occasional v, eak catalysis of the oxygen uptake of ^-phenylenediamme 
the results with E coh, Staphylococcus aureus, and B proteus were likewise 
negatix e Oxy gen uptake measurements with B subhhs m the presence of p- 
phenj lenediamme gave also negative results These results are interesting in 
view of the fact that both B proteus and B subhlis are reported to contain 
cytochrome c Yeast cells imanably catalyzed this reaction Addition of 
cytochrome c to the above bacterial and yeast reaction systems did not ac- 
celerate their reaction 
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The oxidation of £-phenylenediamine to dark purple merqumoid salts on 
the other hand, was observed, with one exception, with all the organisms which 
have been reported to contain cytochrome c, and negative results were ob- 
tained with the organisms lacking it. However, B proteus which contains 
cytochrome b and c components and lacks component a faded to give a positive 
test. Pneumococcus Type 1, reported to contain cytochrome components a 
and b, but lacking component c likewise did not oxidize ^phenylenedmmine. 

The above results show that Streptococcus pyogenes and pneumococcus Type 
1 contain cyanide- sensitive systems which are different from the usual cyto- 
chrome c-cytochrome oxidase systems Recent experiments by Keilin and 
Harpley (1941) provide enzymatic and spectroscopic evidence for this view 
B cell manifested identical respiratory behavior in the presence of cyanide. 
According to these authors, B coU showed spectroscopically the presence of 
cytochrome components a* and at, while a, b, c , the characteristic bands of 
the cytochrome system in yeast cells, were absent. According to Keilin and 
Harpley (1941) a complete cytochrome c-cytochrome oxidase system must be 
present to oxidize £-pbenylenediamme. This involves the presence of com 
ponents c and a and aj The last component is cytochrome oxidase proper 
Component at m not always spectroscopically visible but apparently invariably 
present m systems containing component a In the light of the above inter 
pretation the inability of B proteus to oxidize ft-phenylenediamme can be ex 
plained. This organism, though it contains cytochrome b, and c, lacks the 
the component a, and apparently the fourth component a* which is considered 
essential for the oxidation of cytochrome c, and therefore of A-phenylenedi 
amine Simflnrily the inability of pneumococcus and Staphylococcus aureus 
to oxidize ^-phenyienediamine is apparently due to the absence of cytochrome 
c even though the components a and b, and assumedly aj are present. The 
respiratory system of Streptococcus pyogenes appears to be similar to pneumo- 
coccus and Staphylococcus aureus This requires further investigation. 

Wi eland believed and sought to show that HjO* is one of the products of 
aerobic biological oxidation reactions. While he was able to demonstrate 
readily the formation of H«Oj In cyanide-insensitive systems he failed to show 
this with systems containing heavy metal catalysts for the reason that catalase 
invariably was present. Selective inhibition of catalase without inhibiting the 
respiration was not possible (Wieland and Sevag, 1933) The results of the 
present study with the strain of pneumococcus Type 1 which forms hydrogen 
peroxide (Sevag and Shelburne, 1942) appear to support Wleland’s point 
of view 

Both B coU and pneumococcus Type 1 appear to contain identical cyanide 
sensitive respiratory enzyme systems However, while the formation of hy- 
drogen peroxide In pneumococci, which lacks catalase, is easily demonstrable, 
the formation of hydrogen peroxide in B colt, which contains catalase, cannot 
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be demonstrated As far as we know, the formation of hydrogen peroxide in a 
cyanide-sensitive heme type of enzyme system has not previously been de- 
monstrated 

Since the previous experiments showed that sulfonamide drugs inhibited the 
respiration and growth of bacteria (Sevag and Shelburne, 1942, Sevag, Shel- 
burne, and Mudd, 1942) to the same extent, a better knowledge of the nature 
of the respiratory enzymes appeared to be necessary to elucidate the difference 
m the susceptibility of various bacteria to the action of sulfonamide drugs It 
was found that in all the bacteria studied above the respiration was catalyzed 
by cyanide-sensitive systems of heme type However, while some of these 
bacteria contained the whole cytochrome-cytochrome oxidase system, the 
others contained different cytochrome systems 

SUMMARY 

Aerobic respiration of Streptococcus pyogenes and pneumococcus Type 1 are 
strongly inhibited by KCN, NaN 3 , and Na 2 S The anaerobic glycolysis of 
glucose by pneumococcus is also inhibited by KCN and NaN 3 

Streptococcus pyogenes, E coh, pneumococcus Type 1, B subtilis, B proteus, 
and Staphylococcus aureus did not catalyze the oxygen uptake by /i-phenyl- 
enediamine in the presence of added cytochrome c or m its absence Yeast 
cells, B subhhs, and B pyocyaneus oxidized ^-phenylenediamine to a dark 
purple meriqumoid substance m contrast to the other bacteria mentioned 
above 

Streptococcus pyogenes in contrast to pneumococcus Type 1 catalzyed the 
oxygen uptake by cysteine Neither of these bacteria catalyzed the oxygen up- 
take by tyrosine, adrenaline, pyrocatechin, xanthine, and hypoxanthine 

Streptococcus pyogenes, pneumococcus Type 1, and E coh, boiled and not 
boiled, gave positive peroxidative tests with benzidine showing the presence 
of hematm compounds 

The results discussed m the light of the interpretations offered by Keilrn 
and Harpley show that Streptococcus pyogenes and pneumococcus Type 1 con- 
tain cyanide-sensitive respiratory systems which are different from the cyto- 
chrome c-cytochrome oxidase system 
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THE ANTIGENICITY OF d RTBONUCLEASE, THE INHIBITION OF 
THE ENZYME BY ITS HOMOLOGOUS IMMUNE SERUM* 


By J SMOLENS axd M G SEVAG 

( From the Department of Bacteriology , The School of Medicine, University of 
Pennsylvania, Philadelphia) 

(Received for publication, May 28, 1942) 

A thermostable enzyme capable of digesting d ribose (yeast) nucleic acid 
was first described by W Jones m 1920 (1) A partial purification of this 
enzyme with acetone was earned out by Dubos and Thompson who called the 
enzyme ribonuciease (2) Kunitz described the preparation and properties of a 
crystalline protein he isolated from beef pancreas which appeared to be the 
same as the ribonuciease He provisionally called this material ribonuciease 
This crystalline preparation has a molecular weight of about 15 000 (3) 
Enzymes have been reported to act as antigens However, these enzymes 
all have had a molecular weight of at least 35,000 It appeared of interest to 
determine whether an enzyme of this small molecular weight (15,000) could 
be antigenic. Whether the activity of the enzyme could be inhibited by its 
combination with specific antiserum also offered an interesting problem 

Materials Used 

The d ribonuciease preparations used m this communication were kindly supplied 
by Dr M. Kunitz to whom we are greatly indebted Five different nbonudeasc 
preparations have been used a crude preparation, and products crystallized rcspec 
tivdy three, five, six and eight times Methods for the preparations of the crystal 
lized ribonuciease as well as Gome of its properties are given by Kunitz (3) 

The d- ribose (yeast) nucleic add used was a Pfansbehl commercial product which 
was punfied in this laboratory by a method using (NH^tSCh and CHClj as previ 
ously described (4) to give a phosphorus content of 9 J per cent (King's modification 
(5) of Fiske and SubbaRow (6)) 


experimental 
Immunization Experiments 

Antisera against the punfied crystalline preparation of ribonudease were pre- 
pared by three different methods 

(o) Intramuscular injection of ribonudease adsorbed on aluminum gel after the 
method of Hektoen and Welker (7) A single injection of 110 mg of crystalline nbo- 
nu dense adsorbed on aluminum gel was given. The amount of ribonuciease in the 

* This work was started under a grant from The Commonwealth Fund and con 
tinned under grants from The Josiah Macy, Jr Foundation and Merck, and Co 
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gel wes determined by nitrogen analysis (Kjeldahl method) ( b ) Intravenous in- 
jections of the preparation used m (a) (c) Intravenous injections of saline solutions 

of crystalline nbonuclease 

Antibodies were demonstrated following immunization by all of the above meth- 
ods Tests for the precipitation were set up by mmng 0 2 ml of antigen in the 
proper dilution, with 0 2 ml of antiserum These tubes were placed m the 37°C 


TABLE I 

Specificity of Antiserum 


Antisera vs 

Cattle serum 

Crude RN 

6 X punfied RN 

O 

o 

to 

1 250 

O 

a 

1 6,250 

1 31,000 

1 150,000 

1 500 

1 2,500 

8 

O* 

8 

to^ 

« 

o 

1 312,500 

a 

X 

8 

to 

of 

*o 

1 125,000 

1 250,000 

1 10* 

o 

X 

N 

RN (6 X purified) 

0 

0 

0 



0 

0 

0 

H 

n 

1 

2 

0 

1 

2 

3 

1 

~0 

RN (crude) No 1 

0 

0 

0 



0 

0 

0 

1 

2 

1 

0 

0 

0 

1 

3 

1 

0 

RN (crude) No 2 

0 

0 

0 


0 

0 

0 

0 


1 

2 

o 

0 

0 

4 

3 

1 

0 

Cattle serum No 1 

4 

3 

3 

3 

1 

± 

0 

0 





0 

0 

E 


E 


Cattle serum No 2 

4 

3 

3 

3 

2 

=b 

0 

0 





0 

0 



| 

0 

NRS 

0 

0 

0 

0 

H 

0 

0 

0 





0 

0 

E 


1 

0 


RN = Ribonuclease 1 = +, 2 = ++, 3 =» +++, 4 ■=■ ++++ 
* All dilutions up to 62,500 are negative 


TABLE n 


Reactivity of Antiserum against Five Times and Eight Times Crystallised Enzyme Preparations 


Antisera 

Antigen 

Antigen dilution 

1 100 

1 1000 

1 10* 

i j x io* 

1 10* 

1 5 X 10* 

5 X RN* 

5 X RN* 

0 

si tr 

4 

4 

1 

2 ! 

0 

5 X RN* 

8 X RNf 

0 

0 

4 

4 

2 

tr 

8 X RN No 1 

8 X RN 

— 

— 

2 

4 

3 

1 

8 X RN No 2 

8 X RN 

— 

— 

0 

0 

2 

1 


RN = Ribonuclease 
* =5 times crystallized nbonuclease 

f =8 times crystallized nbonuclease 


water bath for 1 hour and in the refngerator overnight The tubes were cen- 
trifuged before reading 

The results obtained with the two methods of intravenous injections were 
the same Antibodies were demonstrable after a course of about thirteen in- 
jections (three times weekly) totalling about 30 mg of the purified crystalline 
ribonuclease As seen from Table I the reaction was positive up to an antigen 
dilution of one million Ordinarily there persisted a prozone which with some 
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antisera went up as high os to 1 100,000 antigen dilution However several 
antisera were prepared which did not show any antigen prozone Also some 
of the antisera reacted more strongly than others Antisera prepared ag ains t 
the five times crystallized enzyme preparation when tested serologically gave 
identical results against both the five times and eight times crystallized enzyme 
preparations (See Table IL) 

The crude ribonucl ea se was injected intravenously mto rabbits, using 0 5 mg 
of material at the start Antibodies against the crude preparation could be 
demonstrated after a total of 9 mg had been injected (7 injections) No re- 
action with this antiserum could be demonstrated against the crystalline ribo- 
nuclease However, longer periods of immunization with the crude material 
gave precipitation against the crystalline preparation m dilutions up to one 
million There was a definite prozone which m some cases extended to over 
100,000 dilution of antigen The crude ribonuclease, in dilutions of 2,500 to 
62,500, gave precipitation against crude ribonuclease antisera (See Table L) 

For controls, since the source of the enzymes was beef pancreas, rabbits 
were injected with cattle serum. Cattle antisera gave positive reactions with 
no prozone up to homologous antigen dilution of 31,000 No cross-reaction was 
given with any of the preparations of ribonuc l ease The cattle serum, like 
wise gave no reaction against antiribonuclease sera (Table X) Normal rabbit 
sera when tested against the various ribonuclease preparations gave no re 
action in any case 

Action of Specific Antisera on the Enzyme Adtvity 

The amount of the purified enzyme preparation m the antigen antibody pre- 
cipitate was determined m the following manner To varying amounts of the 
crystalline enzyme (in a volume of 0.2 mb) was added 3 ml of homologous 
antiserum These tubes were shaken allowed to stand m a 37°C water bath 
for 1 hour, and m the refrigerator overnight In the morning the tubes were 
centrifuged, the sediment washed with cold 0 85 per cent NaCl solution, and 
the precipitates analyzed for nitrogen. A curve was plotted using milligrams 
of enzyme as the abscissa and milligrams of protem precipitated as the ordinate. 
(See Fig 1 ) Obviously, the most satisfactory region to cany on this type of 
experiment would be that of antibody excess, so that no free antigen would 
exist. Accordingly these experiments were earned out with an antigen anti 
body ratio of about 1 28 (1 40 000 antigen dilution) as shown m the following 
typical experiment. 

0 2 mg of enzyme in 0 2 mk volume was added to 5 ml of antiserum. This mix 
ture was allowed to react in a 37°C. water bath for 1 hour, then placed m the refnger 
ator for 48 hours, centrifuged and the precipitate washed once with chilled 0.85 
per cent NaCl solution The precipitate was made to 1 mk with 0 85 per cent NaCl 
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solution and then 1 ml solution (10 mg ) of d-nbonudeic acid was added and the 
mixture stirred well to insure a uniform suspension After the 30 minutes’ time 
allowed for this reaction the mixture was centrifuged and the 0 5 ml of dear super- 
natant was used for a phosphorus determination An equal volume of uranium 
acetate reagent 1 (exactly 1 S ml ) was added to the 1 5 ml of the dear supernatant 
remaining and the mixture allowed to stand for 20 minutes The precipitate which 
contained the unhydrolyzed nudeic acid was then removed by centrifugation and the 
amount of phosphorus was determined in 2 ml of the supernatant which con tain ed 
the hydrolyzed nucleic aad A control was run, la din g only the antiserum 



The results of the two experiments were 

control— 43 per cent hydrolysis 2 of the nudeic aad, with antiserum— 30 per cent 
hydrolysis of the nudeic acid 

— — ~ X 100 = 30 per cent inhibition 
45 

control — 45 per cent hydrolysis of nudeic acid, with antiserum 35 per cent hy- 
drolysis of nudeic aad 

45 — 35 

1- X 100 = 22 per cent inhibition 

45 

The above results were obtained using a precipitate from an antigen-antibody 
combination which had been allowed to react for 48 hours 

1 0 25 per cent uranium acetate in 2 5 per cent trichloracetic aad (3) 

2 These experiments were earned out at pH 7 2 which is not the pH of optimal 
enzyme activity A more alkaline pH was not used in order to avoid the dissoaation 
of antigen-antibody combination 
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Other similar expenments earned out with only 24 hour antigen antibody 
incubation, showed inhibition ranging from 10 to 15 per cent 

DISCUSSION 

The results of the present study show that crystalline d ribonuclease is 
antigenic. This enzyme stimulates the formation of antibodies when injected 
into rabbits, using different methods of immunization, and reacts with the 
homologous antisera in very high dilutions of antigen Different preparations 
of the crystalline d ribonuclease appear to exhibit different behavior in sthn 
ulating this antibody formation Some antisera prepared against different en 
zyme preparations, when tested against these enzymes m the precipitation 
test showed a prozone which at times went up as high as 1 100,000 antigen 
dilution Other antisera, however, showed no prozone at all. Any one anti 
serum gave identical precipitation against all of the purified enzyme prep- 
arations For instance, antiserum prepared against the five times crystallized 
enzyme gave the same precipitation titer when tested against the five tunes 
and eight times crystallized enzymes (see Table II) 

Numerous papers have appeared of the inhibition effect of antisera on ho mol 
ogous enzvme antigens Kirk and Sumner showed that antiserum against 
urease inhibited urease activity (8), Idlers and Albrecht showed that antiamy 
lase serum inhibited amylase activity (9), and M ac f arlan e and Knight found 
that lcathmase activity of Clostndxum lotkhn {Closlndium perfnrtgens) toxin 
was inhibited by antitoxin (10) 

Our attempts to determine whether the ribonuclease activity could be inhib- 
ited by its homologous antisera were met with certain technical difficulties 
The quantitative determination of the hydrolyzed mucleic aad (P determina- 
tion) In systems containing the enzyme and the immune serum was not prac 
tlcable because of the large amount of protein present. Methods employed 
to eliminate the protein by the use of precipitating agents would also preapi 
tate the nucleic aad (4) Therefore the inhibitory effect of the specific anti 
serum was determined by using the washed antigen-antibody precipitate as 
the enzyme material In the reaction mixture containing the nucleic aad 
this preapi tate was finely suspended, and could be removed easily at the end 
of the reaction by centrifugation. The results showed that the antibody in 
hibited the enzyme activity from 10 to 30 per cent 

The question may be raised as to whether this reduction of the enzyme activ 
ity is really due to the blocking of active groups on the enzyme by combination 
with antibody ox due to the physical inability of the large molecular weight 
nucleic aad to penetrate the suspended particles and thus come into contact 
with the active enzyme groups. We are unable to answer this question. How 
ever, Lflers and Albrecht observed the inhibition of amylase by its homologous 
antibody usin g starch, which is a high molecular weight substance, as substrate 
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a other similar studies referred to above, this question did not arise smce the 
ibstrates such as urea and lecithin are of relatively small molecular weight 
nd can readily penetrate into the suspended particles of the antigen-antibody 
ombination 


SUMMARY 

The enzyme d-ribonuclease is antigemc Antisera, prepared by three dif- 
erent methods, reacted against antigen dilutions up to one million 
Apparently the homologous antiserum, when combined with the d-nbo- 
luclease inhibited the activity of the enzyme from 10 to 30 per cent 
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THE STRUCTURE OF THE COLLODION MEMBRANE AND ITS 
ELECTRICAL BEHAVIOR 

TV The Relative Merits of the Hcmogeneoub Phase Theory and the 
Miceliar-Structetral Theory As Applied to the 
Dried Collodion Mehbrane 

By KARL SOLLNER Aim CHARLES W CARR 
(From the Deportment of Physiology, University of Minnesota, Minneapolis) 
(Received for publication. May 25, 1942) 

I 

The structure of the dried collodion membrane has in the past been the 
subject of an extensive controversy A great variety of arguments 1-4 has 
been put forward to substantiate the one or the other of the two major conflict 
mg theories, which are referred to frequently as the “solubility theory” and the 
“pore theory * respectively Instead of these terms, which are rather sug 
gestive of special mechanisms, we mtend to use in this paper the more general, 
less suggestive terms, “homogeneous phase theory” and “structural” or pre- 
ferably “micellar structural theory” respectively 

It is not the plan of this communication to collect and re-evaluate the argu 
ments used in this controversy In our opinion an inadequate terminology 
has contributed considerably to the blurred state of the problem However, 
it is not the purpose of this paper to discuss this point. 

From the experimental point of view we should like to make the following 
remark concerning the physical aspects of the problem. It seems advisable 
to consider more closely the possibility of the existence of different mechanisms 
of permeation according to the nature of the substances which permeate a 

5 See, c-t B miner R,, Die Entstehung elektnscher StrOme in lebenden Geweben 
Stuttgart, Ferdinand Enke, 1920 Beutner, R, Physical chemistry of living tissues 
and life processes as studied by artificial imitation of their single phases, Baltimore, 
The Williams & Wilkins Co , 1933, Ben trier, R., Caplan, M. and Loehr, W M , 

J Bid Chan , 1933 101, 391 Beutner R. Arch Zdlforsck 1934, 15, 217 

* Cohan der, R. KoOotdchem Beiheftc, 1924 19, 72, 1925, 20, 273 Soaetas Seen 
tianim Fenmca Commentations Blologicae II 6 Helsingfors, 1926 

* Eg hfichaeUs, L., and Perlzweg, W A / Gen PhysioL 1926-27 10, 575, 
Mlchaeks, L , McEUsworth, R, and Weech, A, A., / Gat Physiol. 1926-27, 10, 
671 Michaclu, L. Weech, A. A., and Yamatori A,/ Gen PkystoL, 1926-27,10, 685 
Mkhaelis, L., BuU Nai Research Council No 69 1929, KdUnd Z , 1933, 62, 2, and 
other publications. 

4 JLg , Northrop J R,7 Gen Physiol 1928, 11, 233, 1929, 12, 435 

*Eg Whbrandt, W , J Gen PhysioL, 1935, 18, 933 
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membrane Closer consideration should also be given to the state of the lat- 
ter, it may be that collodion membranes in the dry state behave differently 
(for their permeability for gases) than those in the wet state Also the affinity 
of the permeating substance for the membrane material can conceivably play 
a much more important and characteristic r6Ie than generally assumed 
Strong inorganic electrolytes, for example, may easily follow pathways es- 
sentially different from those which are available to compounds which in higher 
concentration act as swelling agents, solvents, etc Conclusions reached on 
the basis of experiments with one kind of substances should not be extended 
without further proof to other groups It is even conceivable that one theory 
may fit one set of circumstances, whereas the other theory may fit a different 
situation 

Before we begin to discuss the special approach to the general problem which 
is made m this paper, we should like to mention two mdependent sets of ob- 
servations which, though pertinent, have been largely neglected in the litera- 
ture on membranes 

It is well known that dried collodion membranes cast from the same solution 
may show widely varyrng concentration potentials even if they are cast under 
conditions which are kept constant as far as experimentally possible This 
effect is particularly conspicuous with membranes made from electrochemically 
inactive preparations, here the variations in concentration potential across 
different membrane specimens are frequently more than 100 per cent, 6 the 
potentials across the individual membranes being very constant and easily 
reproducible over long periods (See Tables la and lb ) The homogeneous 
phase theory could not conceivably account for this variability of the concen- 
tration potential, m fact, it actually seems to be incompatible with it All 
specimens of a homogeneous phase should have the same properties whatever 
their past, the more so if prepared under identical conditions A structural 
theory, however, could easily accommodate the observed facts Differences in 
aggregation and orientation of molecules and of micelles could easily be ac- 
counted for by uncontrollable variations m the preparation of the individual 
membranes Since any structural theory necessarily assumes that orientation 
and aggregation are the factors which determine the structure of membranes 
and thus their behavior, such a theory seems greatly favored by the above 
mentioned variations in concentration potential 

Furthermore we feel that inadequate use has been made of the evidence m 
favor of the micellar-structural theory which is contained in the literature on 
x-ray studies of nitrocellulose This literature demonstrates definitely the 
occurrence of crystalline micelles in nitrocellulose films, the sharpness of the 
interferences varyrng greatly with different preparations It would be at- 
tractive and profitable to discuss the extent to which x-ray evidence indicates 
either a truly micellar structure or merely the presence of micelles in an amor- 
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phous matrix. However, we shall limit our remarks to the statement that 
the micellar-structural theory receives strong support from the x ray literature 

n 

The present work is an attempt to determine which of the two theories — the 
homogeneous phase theory or the micellar structural theory— -allows us to 
interpret the observed behavior of dried collodion membranes with solutions of 
strong electrolytes 

The following line of reasoning serves as a basis for our present experiments 
A number of dried collodion membranes are prepared under standardized con 
ditions from some electrochemically inactive brand of collodion (state X) 
The characteristic concentration potential across a representative group of 
these membranes is determined Next, the membranes ore “activated” by 
oxidation (state IX) as described previously 4 and the concentration potential 
of a representative number of these membranes is determined. The remain mg 
majority of the membranes m state II are dissolved in the same solvent mixture 
as used originally Dned collodion membranes are prepared from this solu- 
tion (state III), the concentration potentials across these membranes are 
measured, and the results ob tamed in states I, II, and IH are compared 

The homogeneous phase theory would predict that the properties of the 
membranes m state II and state HI are substantially identical since the prop- 
erties of an mterphase which behaves like a homogeneous phase should be inde- 
pendent of its history No rearrangement of the molecules, brought about 
by any means, should be able to alter the properties of membranes prepared 
from the same material 

The micellar-structural theory would predict a distinct difference between 
state H and state HL According to this view, the charges which are caused 
by chemical reactions m the membranes, or by the addition of third substances, 
are substantially confined to certain more accessible structural elements, i e , 
the surfaces of the particles which constitute the membrane. If the membrane 
is dissolved, the elements which are the cause of the characteristic properties 
of state H are mixed with the whole mass of the membrane material If a 
new membrane is now prepared from this solution, the concentration of the 
\ active groups at the accessible points is necessarily reduced as compared with 
state H. 

The foregoing discussion is based on the tacit assumption that the interstices 
which govern the behavior of the membrane are larger than the mi n im al pos- 
sible molecular interstices Such interstices may arise due to an irregular 
arrangement of molecules without the formation of di stin ct micelles or in the 
formation of micelles and their arrangement In either case the effective in 
terstices would be of micellar as opposed to molecular magnitude, and either 

6 SoUner, K. Abrams, L, and Carr, C- W , J Gtn Fhyncl , 1941, 25, 7 
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case would fulfill the necessary condition for the above considerations We 
designate them as having a “micellar-structural” constitution, as opposed 
to the molecular-structural constitution of a crystal or liquid, the emphasis, as 
expressed m our terminology, is more on the nature of the interstices than on 
the structure-forming physical elements That the formation of micelles, at 
least m a rudimentary manner, is a ■priori the more likely situation with the 
fibrous nitrocellulose molecules is here without particular importance The 
homogeneous phase theory, of course, must necessarily assume a molecular- 
structural constitution of a crystalline or glasslike hquid character with true 
equivalence, or at least statistical equivalence, for all actual or virtual inter- 
stices The behavior to be expected from a membrane having such a molec- 
ular-structural constitution was pointed out m a preceding paragraph 

nr 

A necessary prerequisite of the experiment, of course, is that the activation 
is not too thorough If the number of active groups which are mtroduced m 
state II is so great that too many of them come to lie m the critical spots in 
state m, the results may become less pronounced In order to demonstrate 
the anticipated effect most clearly, the activation should be stopped just at the 
time when maximal or nearly maximal concentration potentials are obtained 
A more prolonged oxidation would necessarily lead to a gradual diminution 
in the expected effect One further has to ascertain that a significant loss of 
active material does not occur at any state of the whole experiment, otherwise 
its purposeful evaluation is impossible 

Below we report two senes of experiments carried out according to the plan 
ou tlin ed In the one series (series a), the degree of oxidation applied is about 
the minimal which yields membranes of high activity, series b was subjected 
to a much stronger oxidation 

For the preparation of the original membranes (state I), Mallinckrodt 
“Parlodion” purified by boiling 7 hours with 90 per cent alcohol 7 was used, 
this purified material has been shown to be the least active of the available 
collodion preparations 5 gm per 100 ml were dissolved in a mixture of 25 
per cent absolute alcohol and 75 per cent absolute ether, this mixture being 
adhered to throughout all the work reported in this paper 

For each of the two experimental series, 70 bag-shaped membranes were 
cast by hand in 22 X S5 mm pyrex test tubes and allowed to dry in the an at 
room temperature for 48 hours After 48 hours the membranes are perfectly 
dry and can be removed with water from the test tubes, the uneven, frequently 
heav} rims of the membranes are cut off The average thickness of these mem- 
branes is about 10 m, as calculated from area and weight, the specific gravity 
of collodion being 1 6 Appreciably thinner and thicker spots are found on 

7 Sollner, K , Carr, C W , and Abrams, I , J Gen Physiol , 1942, 26, 411 
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each individual membrane Out of each group of 70 membranes (state I), 
every seventh was picked to obtain a representative group of ten membranes 
for the determination of the characteristic concentration potentials tor 
these measurements the membranes were fitted loosely over glass rings, held 
in wooden test tube clamps, and filled about two- thirds with 0 1 molar potas- 
sium chloride solution. They were immersed to the same level m 0 01 molar 
potassium chloride solution (temperature about 25° C ) Potential measure- 
ments were made about 5 minutes after the membranes were interposed be 
tween the potassium chloride solutions and repeated afterwards to ascert ain 


TABLE I 

Tke Concentration Potential OJ u KC1/0 jO 1 U KQ across Dried Collodion lfcmbrcuus Prepared 
front Purified Pariodion V (Stats I) Potentials in MiUhoits 



s 



b 



(Serb* «) 



(Serin *) 



I CcnctntriUnn potc&tUl 1 



Membrane | 



UcmbrtDt 



5 min 

2 d»yt 

3 mb 

2 diyt 


arr 

an 


«n 

an 

1 

35 

36 

71 

26 

(8)* 

8 

28 

26 

78 

34 

35 

15 

28 

27 

85 

31 

33 

22 

27 

25 

92 

30 

35 

29 

37 

38 

99 

29 

29 

36 

32 

33 

106 

26 

28 

43 

20 

21 

113 

37 

37 

50 

13 

15 

120 

36 

36 

57 

33 

I 33 

127 

29 

28 

64 

. . _ 

22 

22 

134 

26 

27 

Mean j 

27 5 ( 

27 6 

Mean 

30 4 

32 0 


* This membrane tni damaged when the potential measurement ttm made The value 
in parentbejii is not considered in the calculation of the mean 


the stability of the potential The 5 minute value was found to be the final 
stable potential m nearly all cases. The accuracy of these determinations is 
zb 1 mv On account of the high ohmic resistance of the membranes in state 
I, it was convenient to use the volt scale of a commercial (Leeds and Northrup) 
glass electrode set, m spite of its limited (± 1 mv ) accuracy 
The two senes of ten membranes each in state I were kept in distilled water 
(thymol being present as a preservative) and the concentration potential 
measured again after 2 days The potential measurements performed with 
the membranes in state I are s ummar ised in Tables la and 16, the mean values 
for the two senes are 27_5 and 30 4 mv respectively, the difference being 
statistically insignificant 
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The remaining two sets of 60 membranes each were oxidized under the fol- 
lowing conditions, series a, 3 hours oxidation time in a 0 05 molar 8 9 sodium 
hypobromite solution at pH 6, series b, 1 hour m molar® hypobromite solution 
at the same pH 


, TABLE n 

The Concentration Potential Olu KCl/0 01 a KCl across Dried Collodion Membranes Activated 
by Oxidation with Sodium Hypobromite Solution ( State II), Potentials in Millivolts 


a 

(Series a 3 brs oxidation with 0 OS it 
potassium hypobromite solution) 

b 

(Series b, 1 hr oxidation with 1 On 
potassium hypobromite solution) 

Membrane 

Concentration potential 

Membrane 

| Concentration potential 

5 nun 

2 days 

5 min 

2 days 


mv 

mv 


mv 

mv 

2 

50 

(0)* 

72 

52 

52 

3 

50 

50 

73 

52 

49 

9 

50 

(0)* 

79 

SO 

48 

10 

50 

50 

80 

52 

51 

16 

50 

48 

86 

51 

50 

17 

50 

50 

87 

50 

49 

23 

50 

50 

93 

53 

51 

24 

50 

49 

94 

53 

51 

30 

50 

47 

100 

50 

50 

31 

50 

50 

101 

52 

51 

37 

50 

50 

107 

53 

51 

38 

49 

45 

108 

52 

50 

44 

50 

(0)‘ 

114 

51 

50 

45 

50 

50 

115 

52 

50 

51 

50 

50 

121 

52 

51 

52 

50 

50 

122 

50 

49 

58 

50 

(0)* 

128 

51 

51 

59 

50 

48 

129 

51 

50 

65 

49 

50 

135 

50 

SO 

66 

50 

50 

136 

50 

51 

Mean 

49 9 

49 2 

Mean 

51 3 

50 2 


* See footnote to Table I 


After oxidation the membranes were washed thoroughly with distilled water 
with frequent changes of water Out of each of the two groups of 60 mem- 
branes, 20 membranes were picked as indicated in Table II These membranes 
were considered as representative of the two groups, the characteristic con- 

8 The term “molar” refers here to the concentration of the sodium hydroxide 
solution from which the hypobromite solution is prepared by the addition of bromine 

(Sollner, K , Abrams, I , and Carr, C W , J Gen Physiol , 1941, 25, 7) 
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centra tion potentials obtained with them after about 5 minutes (as before) 
are listed in Table XI a and II & The tables also give the mean potential values, 
49 9 mv for the less thoroughly ondired senes and 51.3 mv for the more 
strongly oxidized membranes 


TABLE m 


The Concentration Potential OJ if KCl/0J)l u KCl across Dried Collodion Membranes Pr spared 
from Redissoltcd Activated Membranes ( State III) Potentials tn Millivolts 


(5erie* •) 

4 

CScrie»4) 


Concent ritk® potential 


Coacts tniioa pot*ntkl 




U tmbrvn* 




5 min. 

2 dijr» 

5 min. 

2 d*yi 


wn 

mr 



m 

* 

32 

33 

A 

41 

40 

b 

33 

33 

B 

38 

36 

C 

20 

22 

C 

49 

48 

d 

26 

25 

D 

34 

34 

e 

22 

22 

E 

50 

48 

i 

28 

28 

F 

49 

(31)’ 

S 

35 

41 

G 

18 

20 

h 

13 

13 

H 

45 

45 

i 

28 

29 

I 

22 

22 

i 

28 

28 

J 

40 

40 

k 

16 

16 

K 

32 

36 

1 

28 

29 

L 

40 

41 

m 

28 

30 

M 

39 

39 




N 

12 

13 




0 

44 

44 




P 

47 

48 




Q 

40 

(31)* 




R 

20 

20 




S 

47 

47 




T 

47 

48 

Mean 

26 0 

26 8 

Mean 

37 7 

37 2 


* See footnote to Table L 


After the potential measurements were made these membranes were washed 
in distilled water and kept for 2 days in distilled water (with thymol) The 
concentration potentials were measured again after this time No significant 
amount of material which causes the electro-chemical behavior of the mem 
bran es has been washed out during this 2 day period. 

The 40 remaining membranes in state II of each of the two senes were air 
dried and dissolved in the s tand ard ether-alcohol mixture Membranes were 
cast from the resulting solution and dried (state IH) as described before, each 
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solution allowing the preparation of only a limited number of membranes 
These membranes m state III were removed from the glass tubes and the con- 
centration potentials were measured after about 5 minutes contact with the 
electrolyte solutions The measurements were repeated after 2 days, as be- 
fore, to determine whether any change in activity occurs This, however, was 
not the case The thickness of these membranes averaged about 10 ju as 
before Table Ilia and 1116 give the potential measurements of the mem- 
branes in state III pertaining to the two series of experiments A few ob- 
viously damaged membranes giving zero or very low potentials are not re- 
corded in the table The mean values m state III are 26 0 and 37 7 mv re- 
spectively 

It is hardly necessary to point out that the moderate oxidation in series a 
gives the more clear cut results, as compared with senes b in which the oxidation 
was more thorough We may add that a third series of analogous experi- 
ments was carried out m which the oxidation was still more thorough than in 
series b In agreement with expectation, the average concentration potential 
m state III was in this case rather high, about 49 mv 

It may be worth-while to record the fact that the membranes in state III 
behave like normal dried collodion membranes prepared from inactive col- 
lodion The membranes of state III of series a after thorough oxidation gave 
in this new state (state IV) high characteristic concentration potentials, the 
mean x^alue being slightly higher than 51 mv 

IV 

The experimental results recorded in Tables I, II, and III are so unequivocal, 
as to necessitate hardly any discussion The concentration potentials ob- 
tained in state III are much lower than m state II, the concentration potential 
in state III m our scries a being actually identical (within experimental ac- 
curacy) with that of state I If we recall the previously outlined predictions 
of the “homogeneous phase” and the "micellar-structural” theories, we see 
immediately that the experimental results agree excellently with the predic- 
tions of the micellar-structural theory, they are incompatible with the pre- 
dictions and therefore with the basic assumptions of the homogeneous phase 
theory 

Micellar and not molecular interstices are the factors governing the be- 
havior of dried collodion membranes— at least m the case of strong inorganic 
electrolytes This, of course, does not imply that molecular interstices do not 
exist, they must necessarily exist It means only that their existence is not 
an important factor m the characteristic membrane behavior, this is true even 
if it should turn out that the total volume of the molecular interstices exceeds 
the total volume of the micellar interstices There is no indication that all 
the micellar interstices are of the same size or that they are equally accessible, 
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rather, non-equivalence in both respects has to be expected as indicated pre- 
viously 7 for the case of the porous collodion membrane. Some direct expen 
mental evidence as to the non-equivalence of the micellar interstices is already 
contained in the literature 1 It seems probable that a mere fraction of the 
micellar interstices, the readily accessible ones, determine the characteristic 
membrane behavior The obvious methods of attacking these and similar 
problems involve quantitative studies of the rates of water and electrolyte up- 
take by the membranes and of the final equilibrium These studies must be 
combined with conductance and concentration potential measurements How 
ever, all such studies depend upon information upon the water uptake and 
swelling of the dried collodion membrane Such studies are under way at 
this time 


SUMMARY 

1 Experiments were carried out to decide whether a homogeneous phase 
(solubility) theory or a micellar structural theory more adequately describes 
the behavior of dned collodion membranes with solutions of strong electro- 
lytes 

2 A number of dried collodion membranes were prepared from an electro- 
chemically inactive collodion preparation (state I) , the characteristic concen 
tration potentials across them were low, about 30 mv The membranes were 
activated by oxidation (state II) to give maximum or nearly m aximum con 
cen tration potentials (about 50 mv ) The oxidized membranes are dned, 
dissolved in aloohol-elhet, and a new set of dry collodion membranes pre 
pared from this solution (state HI) The concentration potentials across 
these membranes are low 

3 Since the properties of a homogeneous phase should not be influenced by 
a rearrangement of its constituent particles, the experimental results do not 
support a homogeneous phase (solubility) theory, but they agree with the 
predictions of the micellar-structural theory The characteristic behavior 
of dned collodion membranes in solutions of strong morgamc electrolytes is 
therefore due to the micellar character of its interstices. 

* Green, A A , Weech A A and Michael is, L., J Gat Pkysxol 1929, 12, 473 
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I 

Vision and Visual Purple 

When an animal, which has been in the light, is placed m the dark, its 
sensitivity to light increases Measured as the light intensity necessary to 
eli at a minimal visual response, these changes yield the familiar data of dark 
adaptation (Aubert, 1865, Piper, 1903, Hecht, 1937) 

For many years it has been known that during dark adaptation the verte 
brate retina shows changes in concentration of the photosensitive rod pigment 
visual purple (Ktthne, 1878, Gatti, 1897, Fndenaa and Holm, 1925, Tansley, 
1931, Zewi, 1939) More recently the chemical behavior of this substance 
has become associated with certain carotenoids (Wald, 1938) 

The present research was undertaken to discover the course of the concen 
tration changes shown by visual purple m the intact animal, to relate this 
information to the data of dark adaptation, and to elucidate the behavior of 
the carotenoid pigments As a working hypothesis it is assumed that dork 
adaptation depends on the accumulation of visual purple in the retina It a 
proposed, therefore, to use those conditions during regeneration of visual purple 
which are known to modify dark adaptation in specific ways and to see whether 
similar effects are produced on the course of visual purple accumulation, 

n 

Dark Adaptation and I isual Purple 

Due to the work of Hecht (1921) and of Kohlrausch (1922) it is known for 
the human eye that the two receptor systems rods and cones, both enter into 
normal dark adaptation- Following daylight illuminations, human dark 
adaptation proceeds in two stages Ihe first is rapid and is practically complete 
In 3 or 4 minutes , it records mainly cone function- The second is delayed, slow, 
and takes about 25 minutes for completion, it records rod function. 

There are many factors which control the extent, speed, and duration of 
the two parts of the course of dark adaptation The most striking are the 
intensity and duration of the light preceding the beginning of dark adaptation. 
Following high intensity light adaptation, the threshold falls m two steps. c 
Decreasing the intensity of light adaptation diminishes the extent of the first 
section and shortens the time at which the transition from cone to rod function 
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occurs Following the lowest intensities of light adaptation, cone function 
does not appear at all, and only the secondary rod adaptation is evident 
(Johannsen, 1934, Wmsor and Clark, 1936, Hecht, Haig and Chase, 1937) 
In other words, the portion of dark adaptation mediated by the rods is delayed 
when the eye is light adapted to high intensities, and begins without delay 
following low intensity hght adaptation 
A similar effect on the course of dark adaptation is produced by varying the 
duration of hght adaptation Muller (1931) found that following a short period 
of light adaptation only the secondary rod dark adaptation appears With 
mcreasmg tame of hght adaptation, the primary cone adaptation appears and 
increases in duration until it occupies the first 5 minutes of the dark adaptation 
process, while the second, rod portion, is delayed for greater periods These 
results were later confirmed by Wald and Clark (1937) 

Among the man)'' animals whose dark adaptation has been measured, the 
frog is of particular interest here It too possesses rods and cones and may be 
expected to show a two-stage adaptation This has been found by Riggs 
(1936-37) who, following the method of Harthne (1930), used as an index the 
B vave of the retinal potential elicited by a brief illumination of the intact 
dark adapting eye This method is comparable with the procedure used on 
the human e) e In the latter the data represent the hght intensity required 
to produce a constant visual effect at various times in the dark The procedure 
of Harthne and Riggs is to determine the intensity of hght which produces a 
constant physiological effect, in this case a given retinal potential, at different 
times m the dark The course of adaptation divides into two sections, the 
first corresponding to cone function, and the second to rod function The 
rods do not mediate the function until the cone portion of the data has reached 
completion approximately 10 minutes after the onset of dark adaptation The 
rod function reaches a threshold about 1 hour after the start of dark adaptation 
The results of Granit, Holmberg, and Zeni (1938) and of Granit, Munster- 
hjelm, and Zewi (1939) on frog dark adaptation seem at first sight completely 
at -variance with the human data and those of Riggs Instead of a rapid in- 
crease m sensitivity as found by Riggs, Granit and his coworkers report delays 
of as long as 1 hour before a rise in sensitivity begins Moreover, m spite of 
the fact that the frog retina contains both rods and cones and that the adapting 
hght is of sufficient intensity to show their separate effects, the data are con- 
tinuous without any indication of a double function 

This apparent discrepancy between the work of Granit and of Riggs is 
probabh due to the method used by Granit m which the s:ze of the retinal 
potential evoked by a measuring hght of constant intensity is considered the 
measure of sensitivity This method is not comparable either to the accepted 
practice in direct visual measurements or m retinal potential measurements of 
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visual function (cf Chaffee, Bovie, and Hampson, 1923 , Harthne, 1930), in which 
there Is always measured the variation in intensity required to produce a con 
stant physiological or electrical effect It is quite likely that the reason Granit 
found only a single and very delayed function in frog dark adaptation is that 
the magnitude of the retinal potential does not correspond to visual sensi 
tivity as measured m the usual ways 

Considering the relationship of visual purple to vision, it would be desirable 
to know how these changes m the sensitivity of the eye depend upon variations 
in the concentration of visual purple For conditions at the stationary state, 
a fairly successful description of many visual Junctions has been made upon the 
basis of simple photochemical theory derived from consideration of the equilib- 
rium concentration of a photosensitive material like visual purple (Hecht, 
1938) For kinetic measurements like dark adaptation, however, there exists 
no adequate description either in terms of theory or in terms of actual measure 
ments of visual purple concentration. 

KUhne (1878) showed that both the intact retina and solutions of visual 
purple, when returned to the dark, would regenerate visual purple which had 
been bleached by light. Hecht, Chase, Shlaer, and Haig (1936) confirmed the 
regeneration of visual purple m solution Gatti (1897), and later Fndencm 
and Holm (1925), by comparisons of the retina with a senes of standardized 
color charts, investigated the accumulation of visual purple m the dark adapting 
retina. More quantitative measurements were made by Tonsley (1931), who 
studied spectrophotometncally digitomn extracts of dark adapting rat ret 
mas. She found a gradual increase in visual purple concentration dunng 
dark adaptation, and the speed of the process was retarded by lack of vitamin 
A in the diet Zewi's (1939) work on the regeneration of visual purple in the 
intact frog showed among other things that the pigment begins to increase in 
concentration as soon as the animal is placed in the dark except following short 
periods of light adaptation or at low temperature. 

In addition to the changes in visual purple during dark adaptation, there 
are also changes in the carotenoids of the retina. Wold (1935, 1936 1937, 
1938) demonstrated the rtle of these carotenoids m the visual cycle. Excised 
retinas, when freshly bleached, contain a carotenoid which Wald called retinene. 
If the retinas then remain either m the light or m the dark, the retinene disap- 
pears and in its place vitamin A appears. This change is independent of light 
and is a thermal process According toWald,visualpurple is regenerated along 
two paths One is directly from the photoproducts acting with other materials 
which are at hand in the retina The other is through the conversion of ret 
inene into vitamin A, and the combination of vitamin A with a specific pro- 
tein to form visual purple. 

Much information, however, is still needed to establish the qunntitntiv* 
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interrelations among dark adaptation, visual purple regeneration, and carot- 
enoids It is hoped that the following measurements will supply some of 
this information 


m 

Apparatus 

The apparatus is essentially a device for illuminating the frog so that the eye will 
become evenly adapted Two such arrangements were used 

The first consists of a metal sphere S 12 inches in diameter (Fig 1) At equal 
intervals on the inside of the sphere, seven automobile headlight lamps of 6-8 volts 



Fig 1 First apparatus for light adaptation The metal sphere S has on its inside a 
senes of lights L, which illuminate evenly the opal glass globe The frogs are in the 
globe which is kept at constant temperature by circulating water through it 

are mounted, and the whole group is operated at 170 watts through a transformer T 
The inside of the sphere is painted flat white to insure a diffuse reflection A spherical 
opal glass globe G is suspended inside the sphere and so arranged that it is evenly 
illuminated 

The temperature inside the globe is regulated by a continuous flow of cooling water 
entering on one side of the globe and leaving by suction on the opposite side 

For hght adaptation the frogs are firmly fixed upon a board and placed inside the 
globe in the circulating water 

High intensities could not be obtained with this apparatus because the sphere was 
too small to permit mounting a sufficient number of lamps Moreover, at high in- 
tensities it was impossible to prevent the temperature of the globe from rising 

The second apparatus overcame these difficulties It consists of a conical, al- 
uminum-painted reflector R, containing a 1000 watt lamp L (Fig 2) The heat gen- 
erated b) the lamp is earned off through vents The frog is placed in a white enamel 
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receptacle A , which Is carefully fitted with a cover of opal glass 0, over which is a 
pyrex glass H The receptacle is then securely inserted underneath the conical re- 
Sector in such a way that the opal glass plate, as well as the walls of the receptacle, 
are evenly illuminated. The animals are cooled during light adaptation by a con 
tmuous flow of water which enters at the bottom of the receptacle I and leaves at 
the top X 

The intensity of the illumination is determined with a Macbeth flhiminometer, and 
Is checked during the course of the experiments. 



Fig 2 Second apparatus for light adaptation Light from a 1000 watt lamp L is 
reflected by the metal housing R on to the opal glass 0 through the heat-absorbing 
glass H The frogs are in the white enamelled receptacle A and are kept at a fi xed 
temperature by water entering at I and leaving at X 

For dark adaptation, the animals are placed in a water bath kept entirely in the 
dark and maintained at constant temperature. 

IV 

Procedure 

(o) Manipulations — The frogs were all Rana pipxens, obtained from Vermont and 
stored for only a short period in the laboratory before use. They were light adapted 
two at a time. The cooling water was started and the light turned on for periods of 
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5, 10, or 20 minutes After the light was turned off, the animals were immediately put 
mto the constant temperature bath for dark adaptation The subsequent manipula- 
tions were earned out in dim red light from which the frogs and retinas were shielded 
as much as possible 

After dark adapting for specific penods, the two frogs were removed from the bath 
and immediately beheaded The eyes were removed and dropped into water contain- 
ing cracked ice The eyes were then immediately sectioned behind the ms, and the 
retina and pigment layer removed mto buffer solution of pH 9 6 which was kept at 
0°C The procedure after this depended on the measurements 

(jb) Visual Purple Determination — As extractive, 4 cc of a 4 per cent solution of 
sodium desoxycholate m Clark and Lubs bone aad-KCl buffer mixture (Clark, 1928) 
of pH 9 6 were used This choice of extractive rests on the fact that the regeneration 
of visual purple m solution (Hecht, Chase, Shlaer, and Haig, 1936) occurs neither in 
sodium desoxycholate (Chase and Smith, 1939) nor at a pH above 9 0 The extractive 
containing the four retinas was kept at 0°C until the second set of retinas was similarly 
prepared and added to the solution The suspension was stirred with a glass rod to 
break up the retinas, and then placed m a bath at 25°C for 1 hour dunng which it was 
frequently agitated 

After extraction, the solution was centrifuged for 60 to 90 minutes This operation 
was earned out at 6°C m order to prevent an undue temperature nse due to the centrif- 
ugation, since visual purple is decomposed at high temperature (Kuhne, 1878, 
Lythgoe and Quilham, 1938) The clear supernatant liquid was carefully removed 
with a pipette, and transferred to small test tubes which were stored at 6°C 

The concentration of visual purple was determined by measunng the transmission 
of a 1 cm layer of the solution at 500 m/i with Shlaer’s photoelectric spectrophotometer 
(Shlaer, 1938) within 20 hours of extraction Without removing it from the spectro- 
photometer, the solution was completely bleached by a 10 minute exposure to the light 
of a 250 watt projection lamp placed 6 inches from the solution and separated from it 
by a filter of heat-absorbing glass The rise in temperature was seldom more than 
1 5°C After bleaching, the solution was permitted to return to room temperature 
and the transmission at 500 mjx again determined The density of visual purple was 
then computed from the difference m transmission between the bleached and un- 
bleached solution 

(c) Carotenoids — For carotenoid estimation the retinas were separated from the 
pigment layer Eight retinas were extracted together three times with petroleum 
ether, each extract employing 2 cc. of petroleum ether The successive extracts were 
combined and evaporated to dryness at reduced pressure The residue was then taken 
up m 2 cc of anhydrous chloroform To test for the presence of vitamin A and other 
carotenoids, the Carr-Pnce (1926) reaction with antimony chloride was used The 
chloroform extract was placed m an absorption cell, and 5 cc of a saturated antimony 
chloride solution m chloroform were added The optical density of the resulting blue 
solution was determined through a thickness of 1 cm of solution at 612 mju and 664 
m/i, corresponding to the absorption maxima of the SbClj compounds of vitamin A and 
retinene respectn el}’ Smce the blue color fades rapidly, successive measurements 
were made, and from the plot of optical density against time of measurement the 
density at the moment of mixing was determined by extrapolation 
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v 

Visual Purple Regeneration 

(а) Ada^cfium at C — Two tones of experiments were performed at 

25° C In one, light adaptation was to 1700 millilamberts, m the other to 9500 
milHlamberta, both for 10 minutes, and both followed by dark adaptation 
at 25° C 

The results are presented in Table I, where each density is the average of 
the individual measurements shown in Fig 3 Each individual point repre- 
sents an extract of eight retinas The curves are smoothly drawn as close to 
the averages os possible. The} are nearly similar in shape and in position, and 
in both cases the initial concentration of visual purple is not zero, but a finite 
value 

The significant difference between the data obtained at the two in ten 
sities is that following 1700 mlUilambert light adaptation, the regeneration of 
visual purple begins immediately, while at the higher intensity the onset of 
regeneration is dela> ed This delay at 25° C lasts for about 10 minutes before 
a rapid rise in the concentration of visual purple begins After regeneration 
starts, it proceeds rapidly and reaches a plateau approximately 75 minutes after 
the frogs have been placed in the dark 

These data may be compared with the behavior of the rods m adaptation. 
Hecht, Haig, and Chase (1937) found for human vision that recovery of rod 
sensitivity in the dark begins without any delay following low intensity light 
adaptation, while at high Intensity light adaptations, rod function is increasingly 
delayed The data in Fig 3 show a similar difference between low and high 
intensity, though the actual intensities of light adaptation differ 

The data for the higher intensity light adaptation agree with the results 
of Riggs (1936-37) for the intact eye of Rana pipiens , which show a delay of 
about 10 minutes m the appearance of rod dark adaptation It may thus be 
that this delay m the assumption by the rods of the threshold function in 
frogs during dark adaptation is due to the lag in the formation of visual purple 

The data of Zewi upon the regeneration of visual purple differ considerably 
from those presented here At 25° C and at comparable intensities of light 
adaptation, his data show no suggestion of delay in the recovery of visual pur 
pie His data do not correspond with those of Riggs, which are typical of all 
dark adaptation data, or with the data of Granit which show very long delays 
m the recovery of sensitivity 

(б) Adaptation at 15 ° C — The experiments were repeated at 15° C. In this 
way they duplicate the conditions of Riggs' measurements on the intact eye 
so that comparisons of the visual purple regeneration curves with the curve 
describing the recovery of s ensi tivity in the intact eye can be made. 

The data are given in Table II where each density is the average of the 
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individual measurements shown m Fig 4 Each individual point represents 
an extract of eight retinas The curves are drawn through the averages as 
before 

The measurements show that there is little difference between the regenera- 
tion of visual purple at the two intensities The concentration of visual puiple 
increases more rapidly after lower light adaptation, and reaches the mann-mm 
slightly earher However, it is evident that a decrease m temperature of 
10° C has delayed the process of regeneration to such an extent that the accel- 
eration expected by lower light adaptation has been considerably dimini shed 

TABLE I 


Changes in concentration of visual purple at 25° C m retinas of frogs after 10 minute light 
adaptation Senes I, hght adaptation at 1700 milhlamberts, Senes II, 9500 millilamberts 


Time in dark 

Photometric density 


Senes I 

Senes IT 

mm 

0 

0 012 

0 015 

5 

0 014 

0 014 

10 

0 016 

0 016 

15 

0 022 

0 027 

20 

0 028 

0 042 

25 

0 037 

0 057 

30 

0 046 

0 070 

35 

0 051 


40 

0 054 

0 079 

45 

0 069 


50 

0 075 


60 

0 0S6 


75 

0 106 

0 135 

90 

0 108 

0 133 

120 

0 110 

0 135 


The initial delay in visual purple accumulation appears at both intensities of 
hght adaptation The limiting factor in this case is apparently the temperature 
of dark adaptation rather than the intensity of hght adaptation 

These data again indicate that following its decomposition by hght of suffi- 
cient intensity, visual purple does not begin to regenerate immediately There 
is an initial period during which little or no visual purple forms, which lasts 
approximately 10 minutes, and is followed by a rapid rise in concentration 
The curves are sigmoid in shape, the only differences between them being 
the time elapsing before the rapid upward portion starts It is also to be 
noted that there is a shght difference m the total period elapsing between the 
cessation of hght adaptation and the time at which the final level of visual 
purple is reached 
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The data in Fig 4 agree with those of Riggs for the dark adaptation of 
Rana pipiens The duration of the initial delay in visual purple accumulation 
is the same as the period elapsing before rod function begins Moreover, the 
time required for complete regeneration is approximately the same as that 
found by Riggs for the attainment of a constant threshold in the frog 
These data also correspond to human dark adaptation, because the visual 
purple regeneration is delayed just as is the decrease m the rod threshold 
However, the rod threshold reaches its minimum m about 25 to 30 minutes, 
while the visual purple maximum is reached at about 90 to 100 minutes This 
difference in tune is probably due to the difference m temperature between the 

TABLE n 


Changes in concentration of visual purple at 15° C in retinas of frogs after 10 minute 
light adaptation Senes I, light adaptation at 1700 millilamberts, Senes If, 9500 mDh- 
lamberts 


Tune in dark 

Photometric density 


Senes I 

Senes II 

mm 

0 

0 025 

0 015 

5 

0 026 

0 018 

10 

0 025 

0 017 

15 

0 031 

0 023 

20 

0 033 

0 021 

30 

0 039 

0 034 

45 

0 060 

0 042 

60 

0 073 


90 

0 104 


120 

0 113 

0 120 
i 


human and the frog measurements The temperature coefficient of regen- 
eration is about 1 8 Computed for 37 5° C , regeneration has approximately 
the same time characteristics as the human dark adaptation data 

Comparison with Zewi’s measurements shows little agreement Zewi re- 
ports no delay in visual purple regeneration following conditions of light adap- 
tation similar to those here used Thus his data correspond neither to frog 
dark adaptation (Riggs, 1936-37, and Gramt, Munsterhjelm, and Zewi, 1939) 
nor to human dark adaptation The occasional delays found by Zewi occur 
at Ion temperature, as is to be expected, but only following short periods of 
hght adaptation Computing these data to 37 5° C results m a negligible 
delay 

(c) L\ghl Adaptation —The third senes of measurements was made at one 
hght intensity but with varying penods of hght adaptation They were under- 
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taken because of Zewi’s failure to find delays in the regeneration of visual 
purple except following short periods of light adaptation 

TABLE m 

Changes in concentration of visual purple at 15° C in retinas of frogs after light adaptation 
to 9500 milhlamberts Senes 1, 5 minute hght adaptation, Senes II, 20 minute hght adapta- 
tion, Senes m, 10 minute hght adaptation 



0 20 40 0 20 40 0 20 40 

TIME IN DARK- MINUTES 


Fig 5 Regeneration of visual purple m the intact eye of the frog at 15°C following 
light adaptation to 9500 millilamberts Left, after 5 minutes of light adaptation, 
center, following 10 minutes hght adaptation, nght, following 20 minutes hght 
adaptation 

The procedure was as before Animals were hght adapted at 9500 milfi- 
lamberts, one group for 5 minutes and another for 20 minutes Dark adap- 
tation occurred at 15° C , and was followed for the first 30 minutes only 
The data are m Table DI where each value represents the average of 5 
measurements with 40 retinas The individual points are m Fig 5 Included 
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in the table and figure are the data from the previous experiment for light 
adaptation at 9500 mfilUamberts for 10 minutes at 15° C obtained under the 
same conditions of light and dark adaptation but at a different season. 

The curves in Fig 5 show that the delay depends on the duration of light 
adaptation. Regeneration after 5 minute light adaptation begins immediately, 
whereas after 10 or 20 minute light adaptation, regeneration is delayed Both 
delays are approximately the same, the 20 minute data showing a slightly longer 
one than the 10 minute data 

These experiments do not corroborate Zewi’s measurements in which he finds 
that only short periods of light adaptation are followed by a delay in visual 
purple regeneration The data agree with the work on human dark adap- 
tation by Mfiller, by Johannsen, and by Wald and Clark, all of whom found 
that short light adaptation periods produce no delay m rod adaptation, while 
longer periods of light adaptation are followed by a delay before the increase 
in rod sensitivity begins Only the data of Granit on frog retinal potentials 
show a delay m the recovery of sensitivity under all conditions of light adap- 
tation 

vi 

Carotenoids 

The changes in the vitamin A and retmene concentrations were followed 
during dark adaptation Estimation of the carotenoid content of the entire 
optic cup showed no regular changes in vitamin A or retmene Consequently, 
only those retinas which could be entirely freed of pigment were used The 
data are presented in Table IV and Fig 6 Each point represents the average 
of five measurements with 40 retinas 

The amount of vitamin A and retmene present m retinas dark adapted for 
24 hours is also given m the table and indicated m the figure. We see that 
the amount of free retmene changes very little during dark adaptation at 
25° C following 1700 miUikmbert light adaptation. The vitamin A content, 
however is high at the conclusion of light adaptation and rapidly decreases 
until it shows little change after 60 to 90 minutes in the dark. The value 
obtained with completely dark adapted retinas indicates that vi tamin A has 
not yet fallen to its final level during the period of the experiment. 

Wald (1935, 1936) found that when isolated retinas are exposed to light, 
the visual purple bleaches and retinene appears. Upon continued illumination 
the retmene disappears and vitamin A appears m its place. This process 
takes about 1 hour Our data show that in the eye of the intact animal a some- 
what different senes of events takes place Even after 10 minutes of light 
adaptation, there is little retmene and much vitamin A m the retina 

The difference between isolated retina and intact animal does not he merely 
in the possibility of the circulation removing the bleaching products of visual 
purple If the failure of retmene to accumulate in the intact eye were due to 
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TABLE IV 


Changes in concentration of carotenoids at 25° C in retinas of frogs after light adaptation 
to 1700 millilamberts for 10 minutes Senes I, retmene, 664 Senes n, vitamin A, 612 mji 


Time m dork 

Photometric density 

Series I 

Senes II 

mm 



0 

0 089 

0 215 

10 

0 062 

0 145 

15 

0 068 

0 150 

20 

0 062 

0 132 

30 

0 072 

0 109 

45 

0 062 

0 106 

60 

0 075 

0 120 

90 

0 068 

0 110 

D A 

0 059 

0 086 



0 20 AO 60 SO 100 D fi 

time in dark - minutes 

Fig 6 Changes in retinal carotenoids of the intact eye at 25°C following light 
adaptation to 1700 millilamberts Open circles represent retmene, closed circles 
vitamin A 

its removal by the blood s} stem, it is to be expected that vitamin A would 
also be remo\ ed It is therefore possible that the circulation m the eye permits 
a rapid com ersion of retmene to vitamin A, or that vitamin A is formed di- 
rectly from visual purple 
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Kinetics oj Visual Purple Regeneration 
The course of visual purple regeneration as shown in Figs 3 and 4 is sigmoid 
A comparison of these data with those of dark adaptation can be made by 
plotting the dark adaptation data as the reciprocal of the threshold intensity 
against time, much as Piper (1903) did originally This rests on the obvious 



supposition that the concentration of sensitive material is inversely propor 
tional to the intensity required to produce a constant photochemical effect. 
Fig 7 shows such a curve for h uman dark adaptation from the data of Hecht, 
Haig, and Chase, while Fig 8 show3 a similar treatment of frog dark adap- 
tation from the data of Riggs, Because of the ordinate scale, the separation of 
rod and cone function is not apparent. But neglecting the first few minutes 
of cone adaptation, one sees that the data show a slow rise w sensitivity («=> 
concentration) followed by a rapid rise in a typical sigmoid manner These 
curves are roughly simila r to the regeneration curves of Figs. 3 and 4, and 
taken m conjunction with the similarity of effects produced in both cases by 
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temperature, and time and intensity of light adaptation, show that the process 
of dark adaptation depends upon the accumulation of visual purple m the 
retina 

The curves in Figs 3 and 4 do not start from zero concentration, and the 
initial concentration following light adaptation to 9500 milhlamberts is lower 
than that following adaptation to 1700 milhlamberts This difference be- 
tween the two senes, and to some extent the presence of an initial concentra- 
tion following light adaptation is understandable in terms of the stationary 
state (Hecht, 1937) 



Fig 8 Dark adaptation of the frog eye measured by electrical method, data of 
Riggs (1936-1937) 

When the photochemical system in the eye has reached a steady state, the 
concentrations are described by the equation 

KI =x n /(a - x) m 

where K is the equihbnum constant, I the light intensity, a — x the concen- 
tration of unbleached pigment, x the concentration of bleached products, and 
m and n the order of the reactions It follows that the fraction x n /(a — v) m 
becomes larger as the intensity increases Thus the higher the intensity, 
the smaller the amount of undecomposed photosensitive material remaining 
This expression also indicates that even at high intensities we can always 
expect to find a finite amount of photosensitive material in the retina How- 
ex er, this amount is fairly small, and another factor is involved m producing 
residual visual purple in the light adapted retina This is the fact that even 
with illumination from all sides, the entire surface of the retina is not exposed 
to hght This means that a small amount of visual purple, especially that 
in the region of the ora serrata, will not be bleached Thus the apparent 
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initial concentration of visual purple is increased over that expected from 
stationary state considerations by a value which depends upon the area of the 
retina which is unbleached Since the extent of the unbleached area remains 
sensibly constant by the use of identical procedures on all animals used, the 
concentration of visual purple is increased by a constant amount. 

Attempts to fit theoretical equations to the data of visual purple regenera 
tion have in the past been onlv partly successful Tansley found that mono- 
molecular and bimolecular equations described her data, while Zewi was unable 
to obtain a satisfactory theoretical description of his data. In both cases 
the data are too sparse for a critical test of the theoretical curves 
When visual purple is exposed to light, one or more photoproducts are pro- 
duced In the dark the decomposition products may recombine, probably 
with additional materials, to form visual purple again ( cf Hecht, 1937) 
There are several possibilities which may be considered as the basis for a 
description of the kinetics of visual purple regeneration The first is that it is 
a direct and simple transformation of one molecular species into another The 
regeneration should then correspond to a simple monomolecular or bimolecular 
kinetics The data in Figs. 3 and 4 exclude this possibility because of the 
sigmoid shape of the course of regeneration. 

Two common chemical systems yield sigmoid curves for their kinetics One 
is a catenary senes of reactions in which an intermediate compound is formed 
between the beginning product and the end product Such chemical reactions 
yield curves which are only slightly retarded at the beginning Comparison 
of the relevant equations with the present data shows them to be inadequate 
in this respect The regeneration of visual purple as recorded here has much 
too great an initial lag 

The other system producing a sigmoid kinetics is one involving autocatalysis. 
If we assume that the formation of visual purple is a direct chemical trans- 
formation which Is catalyzed by visual purple itself, we can describe the present 
data adequately by the usual equation for such an autocatalyzed system. The 
general equation describing the process is 

dx/di - *,**(« - *)" 

where fcj is the velocity constant, (a — x) the concentration of visual purple 
at moment t, a the final concentration of visual purple, x the concentration of 
photoproduct, also at moment t and m and n the order in which (a — x) and 
x enter the reaction. Taking m and n as 1, and integrating, the equation 
yields 

1 . a — x 
ki<J - /i/0 - -log— — 
a x 

where q is the time when the reaction is half complete Other values of tn 
and n may be tned, but for the present the value of 1 is sufficient. 




0 20 40 60 80 too 120 

TIME IN DARK-MINUTES 


Fig 9 Computation of visual purple regeneration m terms of the equation for an 
autocatalyzed chemical reaction The data are those of Figs 3 and 4 The three 
upper curves and data are displaced 20, 80, and 100 per cent units upward 

Fig 9 shovs the application of the integrated equation to the measurements 
The data are plotted on the basis of a change in visual purple concentration 
from 0 to 100 per cent Smce the concentration of visual purple is never 
zero after the completion of hght adaptation, this residual visual purple con- 
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centration has to be eliminated as a factor m computing the data. The density 
at zero time of dark adaptation is therefore subtracted from ever)' other density 
deter m i n ation of the senes The per cent of the maximum density is then 
computed for each point, thus giving a senes which vanes from 0 to 100 
per cent. 

In Fig 9 the curve of the autocntalyzed monomolecular equation is drawn 
with specific values of the velocity constant £> for each senes of data It 13 
apparent that the measurements are adequately described by the equation 
The slopes are different for the different senes. In particular, it is to be noted 
that ki is greater at 25°C. than at 15°C m accordance with general hnowl 
edge 

The precise chemical meaning of the autocatalyzed reaction may really be 
that visual purple, or perhaps another material formed m equivalent amount 
as visual purple regenerates, catalyzes the formation of visual purple from the 
material present in the light adapted retina. At present it is too soon to say 
That the equation is first order merely may mean that the other precursors 
are present m excess, or it may mean that no great chemical change is involved 
This is in keeping with the work of Hecht and Pickets (1938) which showed that 
the bleaching of visual purple m solution corresponds to only a slight change, 
if any, in the size of the molecule 

StJlOIAEY 

1 The accumulation of visual purple m the retina after bleaching by light 
has been studied m the intact eye of the frog The data show that duration 
and intensity of light adaptation, which influence the course of human dark 
adaptation as measured in terms of visual threshold, have a si mil ar influence 
on the course of visual purple regeneration 

2 At 25°C frogs which have been light adapted to 1700 mfllflamberts and 
then placed m the dark, show an increase in visual purple concentration which 
begins immediately and continues for 70 minutes until a maximum concen 
tration is attained The increase, although beginning at once, is slow at first, 
then proceeds rapidly, and finally slows up towards the end Frogs which 
have been adapted to 9500 mfllilamberts show essentially the same phenomenon 
except that the initial slow penod is strongly delayed so that almost no visual 
purple is formed in the first 10 minutes 

3 At 15°C the initial delay in visual purple regeneration occurs following 
light adaptation to both 1700 and 9500 mfllilamberts The delay is about 
10 minutes and is slightly longer following the higher light adaptation. 

4. The entire course of visual purple accumulation in the dark takes longer 
at the lower temperature than at the higher The temperature coefficient for 
10°C is about 1.8 

5 In contrast to the behavior of the isolated retina which has small amounts 
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of vitamin A and large amounts of retmene imm ediately after exposure to 
light, the intact eye has large amounts of vitamin A and httle retmene after 
exposure to light for 10 minutes In the intact eye during dark adaptation, 
the amount of vitamin A decreases markedly while retmene decreases only 
slightly in amount If retmene is formed m the intact eye, the change from 
retmene to vitamin A must therefore occur rapidly m contrast to the slow 
change m the isolated retma 

6 The course of visual purple regeneration may be described by the equa- 
tion for a first order autocatalyzed reaction This supposes that the regenera- 
tion of visual purple is catalyzed by visual purple itself and accounts for the 
sigmoid shape of the data 

It is with deep appreciation that the author wishes to acknowledge the 
willing and generous guidance of Professor Sehg Hecht 
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The effect of anticoagulants on the flow properties of blood, plasma, and 
serum has been subjected to investigation with various results. Trevan (1) 
studied the viscosity of blood with various anticoagulants He found that hit 
udin has no appreciable influence on the viscosity, whereas oxalate, citrate, and 
fluonde m the solid state were inadmissable because they altered the volume of 
the corpuscles by osmotic changes. Oberst (2) has recently stated that hepann 
produces an increase in the consistency of plasma and serum whereas potassium 
oxalate produces no change. Eckstein, Book, and Gregg reported that 
hepann, m vitro or in vivo , has not been observed to alter the blood viscosity 
significantly Our purpose was to discover whether vanous units of purified 
hepann, added to blood and serum, would alter their viscosities 

In the course of these studies it became apparent that anomalous flow 
properties of the blood contributed to the complexity of the problem These 
anomalies have been referred to in the literature Dow and Hamilton (4) 
occluded the aorta of dogs and studied the curve of declining pressure, measured 
penpherally to the pomt of occlusion At a pressure of about 20 mm. of 
mercury the flow of blood stopped They attributed this phenomenon to the 
anomalies of the apparent viscosity of blood, thus agreeing with the findings 
of Whittaker and Winton (5) who studied the apparent viscosity of blood 
suspensions The latter found this phenomenon in glass viscometers as well 
as in the biological viscometer which they developed m the isolated hmd limb 
of the dog This same phenomenon was also found following arterial occlusion 
by employing a piezographic sphygmomanometer by Lahy (6) who estimated 
that a minimum pressure between 5 7 and SJ2 mm. of mercury will maintain 
circulation. 

The simllanty of these phenomena to those studied and analyzed m other 
fields of rheology, where relationships have been developed, justified an at 
tempt to apply these relationships to the blood anticoagulant systems 

Rheological Nomenclature 

As the systems studied do not conform to the classical concept of fluid 
flow, some of the accepted concepts for such anomalous systems have been 
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adopted to the extent permitted by the limitations m the work done and the 
general knowledge of the subject 

The flow properties of blood systems do not conform to the Newtonian hypo- 
thesis that the rate of shear and the applied stress are proportional over a 
wide range as is indicated by the following equation 


v 



( 1 ) 


m which 

R = the rate of shear, 

.S’ ■=> the shearing stress, 

tj = the proportionality factor (viscosity) 


Only systems whose flow properties obey this proportionality as shown m 
Equation 1, and graphically m Fig 1, Line I, are true fluids and are said to 
exhibit true viscosity Only to such systems can the term “viscosity” be 
strictly applied 

For the more complex systems, not conforming to Equation 1, several rela- 
tionships have been developed The simplest of these is the Bingham concept 
(7) graphically shown by the flow diagram in Fig 1, Line II, and by the fol- 
lowing equation 


in which 

R = rate of shear, 

5 = sheanng stress, 

So = Bingham “yield value,” 

V fc — proportionality factor with the same dimensions as viscosity, but defined 
as pseudoviscosity as it does not fill the full requirements of Equation 1 

The data presented by Whittaker and Winton conform to the Bingham 
type of flow diagrams That their plot of pressure versus rate of flow was 
linear with an mtercept on the pressure ordinate indicated that there, appar- 
ently, was a definite minimum pressure below which the blood would not flow 
The simple Bingham flow diagram and concept were accepted as most suitable 
for our study, in view of the preceding evidence and because the deviation for 
the data reported here from the Bingham relationship is not large Further, 
the quantity of data available does not justify the application of more complex, 
possibly more exact formulae 

The simple term “viscosity” m the subsequent report will be applied only 
to sj stems which conform to Equation 1, and wdiose viscosities do not change 
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with changes in the applied stress. Its flow diagram is characterized by a 
straight line through the ongm, as shown m Fig 1, Line L Its magnitude is 
proportional to the slope of the angle “V ” 

The term “apparent viscosity” will be applied to values obtained in terms 
of viscosity for non Newtonian systems at a given stress These values are 
obtained relative to water, or standard glycerol water mixtures, of known 
viscosity, tested under the same conditions, using as a factor their viscosities 
in centipoises In "this respect, “apparent viscosity” here used differs from 
“apparent viscosity” as defined by Winton and Baybas (8) and Whittaker and 



Fio 1 Flow diagram for true liquid flow (Line I) and anomalous flow (tine H) 
Angle V is proportional to viscosity AV and PV are proportional to apparent vis- 
cosity and pseudoviscosity respectively intercept .So i* defined as yield value 

Winton, as we b eh eve their water factor was unity rather than the viscosity 
of water m centipoises It is only necessary to multiply our 'apparent vis- 
cosity* by 0 68 (the viscosity in centipoises of water at 37 5°C ) to obtain the 
Whittaker Winton Bavhss “apparent viscosity 1 which is the equivalent of our 
“apparent specific viscosity ” The term “specific” is introduced because it is 
common usage to apply it to the values relative to water 
The “apparent viscosity” is proportional to the tangent of the angle “./i V” 
of Fig 1 Its value is dependent on the stress on Line II to which the dotted 
line is drawn. If the determination is made at a low stress the angle A V is large 
and the apparent viscosity is higher If the determination is made under 




52 


HUMORAL RHEOLOGY I 


a high stress the angle A V is smaller, and the viscosity, consequently, is smaller 
This is m keeping with the observations of Whittaker and Wmton 

“Pseudoviscosity” will be the expression apphed to the Bingham type of 
non-Newtonian fluid, and is graphically proportional to the angle PV of Fig 1 
Its magnitude, in terms of centipoises, is determined by the use of Fig 2 
This value is the reciprocal of the Bingham “mobility ” A pseudoviscosity 
determination requires a flow diagram of rate versus at least two, preferably 
three or more, stresses In each instance these diagrams were drawn to a 
uniform scale This uniform scale was used m the development of Fig 2 



Fig 2 Calibration chart, viscosity value in centipoises versus tangent of flow dia- 
gram line angle (corrected for density) 

The expression “yield value” is used to describe the intercept on the stress 
ordinate, in this instance, the sine of the angle of viscometer tube inclination 
The values given are based on the fact that the stress causing the ball to roll 
is directly proportional to the sine of the angle of the viscometer tube (£) and 
the difference in the density of the ball and fluid ( D B — D) multiplied by the 
gravitational force 980 (to convert it to dynes) as follows 

Yield value (dynes) = 9S0 sine {3 ( Dg — D) (3) 

The } ield \alues reported were not expressed in the conventional dynes per 
square 'centimeter as the available data do not permit an expression of the 
stress intensity The \ alue reported is proportional to the yield value, or 
shearing strength (9) For similar reasons, the yield values reported by Whit- 
taker and Win ton and Dow and Hamilton are functions of the stress intensity 
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Accordingly, the vanous values reported, although proportional in some fash 
ion, are not subject to a direct comparison 

For the Bingham type of flow, the system is completely defined by the factors 
pseudoviscosity and yield value This is the minimum number of constants 
capable of completely defining the flow properties of the anomalous syst e m s 
observed, and is necessary for the solution of Equation II 

EXPERIMENTAL 

1 Apfxiraius — A falling ball viscometer, modified to allow the determination 
of flow properties at several stresses was accepted as most suitable for the problems 
involved. This choice was made for the following reasons (a) the viscosity deter 
munition of a given system at various rates of shear can be made with ease and 
rapidity without reassembling the instrument, ( b ) ease of subjecting a given specimen 
to vanous and repeated agitations which are necessary for the study of thixotropy 
and dilatancy, (c) ease of cleaning the instrument, and (d) ease of obtaining and main 
taming constant temperatures. In addition, because vanous investigators attribute 
the anomalies observed to the viscometer it was desirable to establish whether these 
anomalies still exist with an entirely different type of instrument 

The primary limitations of this apparatus are (a) approximately 6 cc. of specimen 
are required for any given senes of tests, (6) the flow conditions do not simulate those 
existing in the artenal and venous systems, (c) the yield values reported are only 
proportional to the stress Intensity required to cause flow, (d) the rates of ball travel 
must not exceed 0 30 cm. per second (equivalent to approximately 0 5 cc. per second) 
to avoid turbulence and consequently only a five-fold change in applied stress is 
convenient. These important limitations of the instrument will require eventual 
consideration, but were not believed significant m this exploratory study 

The flow diagram of rate versus shearing stress expressed as the sme of the angle 
of tube inclination, for a true liquid, (Fig 3) is a straight line over the range used 
and passes through the origin This indicates that no objectionable variables are 
introduced. Similarly the slopes from this flow diagram for water and two known 
glycerol water solutions corrected for density, plotted against their corresponding 
viscosities, are straight lmes through the origin (Fig 3) 

Fig 4 shows the rolling ball viscometer’ assembled It consists of a precision 
8 3 mm. bore glass tube (section of a 10 cc. precision pyrex pipette) filled with the 
liquid in question. In this viscometer tube rolls a precision, highly polished pyrex 
sphere of 7 94 mm. diameter This assembly is fastened to predetermined repro- 
ducible angles made available by the vanous pegs shown on the stand. The stand 
with the tube fastened at the desired angle with rubber bands Is set on a level plate 
glass platform, and submerged in a transparent water bath with adequate lighting 
from below 

The rate of the ball s roll is dependent on the tube angle, the viscosity of the liquid, 
the differences in the densities of the ball and liquid and the respective radii of the 
tube and the ball Accordingly by holding all the variables other than the liquid 
constant, and recording the rate of ball travel relative to that of a sample of known 
viscosity the viscosity of an unknown can be determined on a relative basis. The 
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standards were distilled water and water-glycerol solutions of known viscosity (10) 
and known density (11) 

When flow diagrams were not prepared as a matter of convenience, or when flow 
properties were determined at a smgle shearing stress, the viscosities or apparent 



Fig 3 Flow diagram obtained with rolling ball viscometer for standard viscosity 
liquids exhibiting true viscosity 



viscosities were calculated A modification of the conventional specific viscosity 
formula was used, employing an expression which corrected for differences in the 
densities of the ball and the liquid The following equation was used 

m __ Ti{Db — Dl ) 
vt T-{Db — Di 1 
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in which 

jji - viscosity in centipoises of the standard liquid, 
m - viscosity of the unknown system, 

T\ - time in seconds necessary for the sphere to travel the predetermined 
distance in the standard liquid at a given tube angle, 

T\ — tune in seconds for the sphere to travel through the unknown under 
conditions identical to T lt 
Dm - density of the ball (2.24), 

Di - density of standard liquid, 

Dj — density of unknown system. 

For the blood- anticoagulant studies with several shearing stresses which permitted 
the development of a flow diagram the data were (a) plotted on uniform ordinates 
(6) the slope of the flow line determined, (c) the slope corrected for density by mul- 
tiplying the factor ( [D a — Dj), and (d) the viscosity value obtained by use of the 
calibration curve (Fig 2) 

When flow diagrams were constructed for systems exhibiting anomalous flow 
properties, at least two, preferably more, shearing stresses were required. This was 
possible with a given filling of the instrument by merely changing the angles of the 
tube. The angles used were 11*41', 18*11', 30*25 , and 31°33' The application 
of the inclined plane pnnaple indicates that the resulting shearing stresses are directly 
proportional to the one of the angle Accordingly, a plot of the sine of the angle 
of tube inclination versus the rate of the ball travel result* in the desired flow diagram 
of rate versus stress That this Is valid is indicated by the Unear plot of viscosity 
versus slope, passing through the origin obtained on two standard liquids known to 
exhibit true viscosity os in Fig 3 

The reproducibility for a given filling and position with either a true liquid or non 
Newtonian system is well within 1 per cent Dapbcate determinations for sub- 
sequent fillings agree well within 3 per cent for true liquids, and this agreement for 
blood anticoagulant systems is about 5 per cent 

The operation of the viscometer consists of inclining the tube and stand to force 
the ball to roll to the upper end of the tube. The stand is then set on the level plat 
form and the ball rolls down the desired in dine. The time necessary for the ball 
to pass two predetermined points is then deter min ed. The distance between the 
point* was 7 408 cm. the equivalent of 4 cc. as indicated by the original pipette gradu 
ation*. Determinations near either extremity of the tube were avoided to minimize 
the possibility of end-effects. 

Precautions were necessary to exdude any air bubbles from the system The 
stopper with the cap i lla r y permitted the escape of such bubbles while closing the 
system. It was also necessary to avoid the formation of air bubbles in the system 
after closing, due to the air and other gases coming out of solution. Boiling the 
distilled water used m the standard eliminated this. It was found essential that 
the ball and tube be rigorously deaned The bill, once clean and dry, was always 
handled with rubber tipped forceps 

The second stopper shown in the diagram wa* included to facilitate the tube dean 
mg operation Care was taken not to scratch the tube bore or the balk 

2 Preparation of Systems — Blood was obtained from the antecubital veins 
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of three humans and diluted 9 1 with the anticoagulants dissolved in distilled water 
The viscosities of the blood systems were determined for 2 u, 5 u, 25 u, and 125 u of 
heparin (Connaught Laboratories, University of Toronto, and Lederle Laboratories 
Pearl River, New York, 110 Murray-Best units per mg of the sodium salt) percc , 
and 0 2 per cent sodium oxalate, 0 2 per cent potassium oxalate, and 0 3 per cent 
sodium citrate per cc A portion of each blood-anticoagulant sample was used for 
the determination of the densities, using a Nicol tube pyknometer After these 
determinations, these systems were centrifuged at 3000 r.p m. for 20 minutes The 
supernatant plasma was decanted and viscosities and densities determined Fol- 
lowing withdrawal of the blood, all tests were run continuously within 6 hours 
Samples containing low unitage were tested first 

OBSERVATIONS 

A The Influence of Various Units of Heparin upon the Plasma and Blood 

Apparent Vtscosihes 

Columns 1 and 5 and columns 2 and 6 of Table I cover the data on the ap- 
parent viscosities of the blood and plasma of two humans at relatively low 
rates of shear As can be seen, the apparent viscosities of blood and plasma 
are always decreased with higher amounts of heparm, although not m direct 
proportion 2 u, 5 u, and 25 u per cc heparinized human C blood and plasma 
always exhibit higher apparent viscosities than the corresponding 0 2 per cent 
sodium oxalate and 0 3 per cent sodium citrate systems Only the 2 u hepann- 
blood and heparin-plasma systems for human A have a higher apparent vis- 
cosity than the oxalate-blood and oxalate-plasma systems It may be noted 
that similar effects were observed with heparin on the viscosities of serum- 
anticoagulant systems Sera were obtained from 2 humans, 2 dogs, and 1 
sheep and diluted 14 1 and 13 2 with various units of hepann dissolved m 
distilled water The lowering effect of hepann on the viscosity was always 
present, although not in direct proportion to the amount of hepann added 

B The Relationship between Blood and Plasma Viscosities 
The — ratio, m which y= viscosity of blood and 770= viscosity of plasma, was 

Vo 

found constant within the limits of the instrument and the type of systems 
studied (Table I) Some peculianties do exist, m human C there was ratio 
increase with higher hepann concentrations, whereas m human A, the reverse 
trend was noted In the fourth and eighth columns of this table the volume 
of the corpuscles is shown as calculated from the formula of Whittaker and 
W inton 



m which 100F — volume of corpuscles as per cent of total volume of blood, 
denved from the formula of Hatschek (12), y = 
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The factor k =■ 0 6 was introduced by Whittaker and Win ton for corpuscular 
concentrations within the limits of 10 to 80 per cent, since Hatscheh’s formula 
only holds for suspensions above 60 per cent and, after Trevan, in blood sus- 
pensions above 45 per cent Whittaker and Wrnton claim that the constant, 
k , is increasing with pressure if the pressure is low, but approximately equal to 
0 6 over a wide range of higher pressures such as obtained m high velocity 
type of viscometers Our viscometer, although not of a capillary type, in 
volves a high velocity, and we therefore felt justified m using the empirically 
found factor of Whittaker and Wrnton. As can be seen from the table, for 
human C the corpuscular volume vanes between 54.5 per cent and 61 0 per cent 
and for human A, between 44 0 per cent and 48 7 per cent. Human C shows 

TABLE I 


Tk* Rdahonskip between Blood and Plasma Appartnl Viscositus (Viscosities Determined 
at 375* C and at an Angle of 


Per cc. blood-antlco«xulxnt mixture 5*1 

Homan A 

j TTunun C 

Blood 

Flu 

* 

1 4 

IDO* 

Blood 

’ 

Plu- 

au 

* 1 

w 

n* 1 

ioo» 


null 

rwJi 



cnU- 

enti 

1 1 



foists 

ftiMJ 


crul 


ftists 


ct*i 

Hepirfn 2 u 

5 61 

1 99 

2 82 

48 7 

4 87 

1 49 

1 3 27 

Si s 

Heparm 5 u 

5 27 

1 93 

2 73 

48 1 

4 73 

1 43 

3 31 

55 0 

Heparin 25 u 

5 03 

1 95 

2 58 

45 1 

4 61 

1 36 

3 39 

55 7 

Hepann 125 u 

4 87 

1 93 

2 53 

44 0 

4 31 

1 26 

3 45 

56 3 

Sodium oxalate 02 per cent 

5 49 

1 96 

2 80 

48 6 

4 32 

1 25 

3 46 

56 6 

Potawlum oxalate 02 per cent 

5 46 

196 

2 79 

, 48 2 





Sodium citrate 0.3 per cent 


I 


1 

| 4 46 

| 1 13 

| 3 95 , 

| 61 0 


lOOfr — calculated corpajcular concentration. 


increases m the corpuscular concentration whereas human A shows decreases 
with increasing amounts of heparin We have not compared these values with 
hematocrit values obtained by centrifugation of the blood, although it may be 
assumed that the amount of corpuscles in systems from the same blood with 
drawal should be the same, since the proportions of the dilutions are identical. 

C The Anomalous Flow Properties of Blood Anticoagulant Systems 
Table II summarizes the values obtained for three human bloods for the 
apparent viscosity and apparent specific viscosity These values progressively 
decrease with increases in the stress as is to be expected of such non Newtonian 
fluids Table HI summarizes the pseudoviscosity values and yield values for 
these systems The flow diagram obtained for three or more different stresses 
for the 0 3 per cent sodium citrate per cc. and the 25 u of heparin per cc. of 
human A is shown in Fig 5 It is apparent that the data fall closely to a 
straight line, which on extrapolation intercepts the stress ordinate, demon 
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TABLE n 


Apparent Viscosity and Apparent Specific I iscosity of Blood Systems 


Anticoagulant per cc. 

Tube 

angle 

Apparent viscosity 
(expressed m 
centipoises) 

Apparent specific 
viscosity (relative to 
water as unity) 

Human 

A 

Human 

B 

Human 

C 

Human 

A 

Human 

B 

Human 

c 

Heparin 2 u 


5 70 

4 97 


3 SS 

3 3S 




4 6S 

4 74 


3 IS 

3 22 


Hepann 5 u 




5 42 



3 69 


1S°11' 

5 2S 

4 SI 


3 59 

3 2S 



30°25' 



4 2S 



2 91 


31°33' 

4 46 

4 40 

4 12 

3 03 

2 99 

2 SO 





4 12 

I 


2 SO 

Heparin 25 u 

11°41' 

6 02 


4 SO 

4 OS 


3 27 


1S°11' 

5 10 

4 69 | 


3 47 

3 19 



! 

4 90 


4 5S 

3 33 


3 12 


30°25' 



3 87 

3 25 


2 63 


31°33' 

4 30 

4 32 

3 S6 

2 92 

2 94 

2 62 


1 

4 07 


3 74 

2 77 


2 54 

Hepann 125 u 

1S°11' 

4 95 

4 36 


3 37 

2 97 



31°33' 

4 07 

4 15 


2 77 

2 82 


Potassium oxalate 0 2 per cent 

is°ii' 

5 55 

5 40 


3 77 

3 67 



31°33' 

4 62 

4 70 


3 14 

3 20 


Sodium oxalate 0.2 per cent 

1S°11' 

5 02 

4 3S 


3 42 

2 9S 



31°33' 

4 27 

4 05 


2 90 

2 76 


Sodium citrate 0 3 per cent 

1 11°41' 

5 57 



3 79 




1S°11' 

4 46 



3 04 




30°25' 

3 91 


I 

2 66 




31°33' 

3 76 

I 

1 

2 56 




For a given condition, the second value corresponds to datum from a second blood with- 
drawal after 4 days 


TABLE m 


Pseudomscosity Values ard Yield Values of Human Blood Systems 


Anticoagulant per cc. 

Pseudoviscosity 
(expressed in centipoises) 

\ ield value in dynes 






Human 

C 

Hepann 2 u 

3 67 

4 12 


126 

67 

R 

Hepann 5 u 

3 55 


3 66 

121 

70 


/ 

3 46 

3 S5 

3 3S 

118 

67 


Hepann 2o u i 

3 32* 



109* 



Hepann 125 u 

3 29 



115 

49 


Potassium oxalate 0.2 per cent 

3 65 




SI 


Sodium oxalate 02 per cent 

3 50 



103 

63 


Sodium citrate 0.3 per cent 

3 30 



93 




• = Value from second withdrawal after 4 days 


















STRESS 

Fio 6 Flow diagram of h umans A, B, and C bloods with various anticoagulants. 
Shearing stress as sme of angle of tube inclination versus rate of shear as centimeters 
per minute of sphere tiaveL 
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strating that the Bingham treatment of anomalous flow approximately fits 
these systems The flow diagrams of Fig 5 are the most consistent ob tamed 
The remaining data summarized m Fig 6, although not as precise, in each in- 
stance confirm the general observations made regarding Fig 5 These data 
primarily consist of a straight line, drawn exactly through two points corre- 
sponding to values obtained for two stresses A progressive shift occurs with 
trends toward lower yield values and lower pseudoviscosity with mere ased 
hepann concentration 


D Thixotropy and Dilaiancy 

Exploratory results m this complex field are summarized by Fig 7 The 
system studied, containing 5 u of hepann per cc had been allowed to stand 6 



Fig 7 Change in consistency due to agitation and standing as measured by the 
time required for the ball to pass two fixed points 


hours, at which time a small clot was removed, and the viscometer filled and 
tests started 

The progressive decrease in the time of roll Si to S 2 with the continued 
gentle agitation resulting from the passage of the ball, indicates a thixotropy- 
like phenomenon On severe agitation the time of roll increased as indicated by 
S 2 to S'z This increase has the general appearance of dilatancy The gradual 
decrease from S 3 to T, 23 2, 23 0, 22 8, 22 8, and 21 6 could be attributed to 
thixotropy that is not entirely reversible 

The gradual average increase in the rolling tune noted when comparing 
value S 2 to T, is believed to be age-hardemng, a phenomenon demon- 
strated by an increase m the viscosity values found for several of the systems 
that were allowed to stand after the initial determinations were completed 

DISCUSSION 

The data obtained agree with those of Whittaker and Wmton (5) and Dow 
and Hamilton (4) in that the blood systems studied exhibited anomalous flow 
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properties. Figs 5 and 6 offer much the same type of flow diagram as that 
of the Whittaker Winton biological viscometer, being a straight line, which, 
on extrapolation, intercepts the stress ordinate. Similarly, they are m general 
agreement with the data of Dow and Hamilton and of Lahy (6) who found 
that a distinct pressure is necessary to cause flow On the basis of these three 
different experiments, and the data here offered, it appears certain that the 
yield value phenomenon exists in the blood systems studied and that to com 
pletely characterize the flow properties of such systems, the yield value must 
be taken into consideratiorL 

We believe the data presented indicate that the Bingham treatment (Equa 
tion 2) can be used for this purpose, and that its conditions are reasonably well 
filled by the data of Winton and Whittaker as well as by the data presented in 
Figs 5 and 6 of this article. It is quite possible that further study will develop 
information indicating that the flow of these blood systems, particularly at a 
very low stress, is not linear and that the yield value obtained by the simple 
Bingham concept may be too high For such systems a more exact relation 
ship might be that of Herscbel and Bulkley (13) or some similar variation (14), 
including an exponential factor However it is believed the limitations of the 
available data did not warrant the present application of these more complex 
treatments 

From the experiments s ummar ized in Tables I and II it may be concluded 
that heparin tends to decrease the viscosity or apparent viscosity of blood and 
plasma No mechanism can be offered at this time capable of explaining this 
decrease. The decrease m density found in the course of this investigation 
(IS) contributes to the complexity of the phenomenon. Further investigation 
is required before a satisfactory explanation can be offered 

Table HI indicates that the constants for the Bingham flow type of system, 
namely, pseudoviscosity and yield value, gradually decrease with increasing 
heparin concentrations 

It is conceivable that with some systems, one of these values would be mate- 
rially changed while the other remains essentially the same An indication of 
this results from a comparison of the flow properties of human A blood from 
the same withdrawal with 125 u heparin per cc. and 0.3 per cent of sodium 
citrate per cc. Although the pseudoviscosities are identical, the yield values 
differ by 20 per cent. This lower yield value accounts for the lower apparent 
viscosities exhibited by the sodium citrate-blood systems By the same proc 
ess a comparison of 5 u hepann added to human A and human C bloods per 
cc. indicates that the apparent viscosity of human A is approximately 8 per 
cent higher than human C, while the pseudoviscosity is some 3 per cent lower 
This discrepancy is only understandable after the yield value is taken into con 
sideration and it Is realized that its value for blood system A Is 40 per cent 
higher 

A study of Table III leads to the belief that the yield value tends to be 
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more specific for particular bloods than either the apparent viscosity or the 
pseudoviscosity For example, the yield values of the various anticoagulant- 
blood systems of human A, irrespective of type of anticoagulant or concen- 
tration of heparin agree among themselves, on the average, ±9 dynes Blood 
B systems under similar conditions agree to ±7 dynes Accordingly, the 
order of agreement of the two systems is approximately the same However, 
comparing them to each other they differ by approximately 51 dynes, or on a 
percentage basis, human B has 34 per cent to 58 per cent lower yield value 
A similar comparison of the pseudoviscosities indicates that human A blood 
systems have, on the average, a 9 per cent lower value Because of these obser- 
vations, it is believed that the Bingham treatment may characterize the flow 
properties of blood and that the two constants, pseudoviscosity and yield 
value, for any one of these systems, may prove to be of physiological 
significance This seems particularly true of the yield value 

In Table I, columns 4 and 8, for human A and human B blood systems verify 
the findings of Trevan (1) and Whittaker and Wmton in that the ratio of the 
apparent viscosity of the blood and plasma systems is reasonably constant 
Whether this ratio can be applied successfully to the calculations of the cor- 
puscular concentration is questionable As the apparent viscosity varies rad- 
ically with the instrument and the rate of shear, the ratio of the blood and plasma 
viscosities will vary, and accordingly, whatever modification of the Hatschek 
formula is adopted will be dependent specifically on the test conditions under 
which it was developed Subsequent use would require determinations under 
identical conditions A possible exception, as noted by Whittaker and Wmton, 
would be determination of the viscosity at very high shearing stresses where 
the yield value would be a minor variable in the apparent viscosity value 

Whittaker and Wmton report that glass viscometers, even of the high velocity 
type give entirely too high a value for the apparent specific viscosity (“ap- 
parent viscosity” using the Whittaker- Winton-Bayhss terminology) In Table 
II, columns 4, 5, and 6 offer apparent specific viscosity data obtained by the 
modified falling ball instrument At higher shearing stresses, values of 2 5-1- 
are obtained which approach the 2 2 ± 0 2 reported by Whittaker and Wmton 
on the basis of their dog hind limb viscometer 

Smce one of us (16) found that heparinized blood and plasma exhibit the 
phenomenon of thixotropy, the rolling ball viscometer was used to demonstrate 
it The thixotropy and dilatancy data summarized m Fig 7 exhibit the com- 
plexify of this phase of the problem It appears that, although thixotropy is 
present, it is not entirely reversible, as required by the classical definition 
This seems to be due in part to two other phenomena (a) dilatancy, (b) age- 
hardening 

In 1936 and 193S Freundhch el ol reported the phenomenon of dilatancy in 
systems of microscopical as well as of ultra microscopical particles m suspension 
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(17, 18) The particles behave as normal fluids at a low rate of deformation, 
because there they have sufficient opportunity to slip over each other How 
ever, by fast deformation the resistance against deformation is rapidly augmen 
ted and a phenomenon occurs which compensates the deforming stress The 
particles arc accumulated locally and have no longer the ability to pass each 
other Thus these systems behave as solids As soon as the external forces 
cease acting, with spontaneous restoration of the regular distribution of the 
particles, they again form a liquid system This rheological phenomenon is 
also referred to as “snow plough effect” by Jordan (19) who studied it In smooth 
muscles To our knowledge this phenomenon was not described with blood 
systems Like the phenomenon of thixotropy it can be measured with our 
viscometer on a relative basis 

The age hardening phenomenon, that is, the increase of viscosity of blood 
systems on standing although not discussed in detail in the paper, has been de- 
finitely established on a few specimens Its extent and rate have not been 
established The occurrence of these three simultaneous phenomena make it 
difficult to establish a distinct case for each of the three. 

This presentation is an attempt to cast new light upon the problems of 
hemodynamics by applying current rheological principles to the flow of blood 
It is realized that the anticoagulant blood systems do not necessarily correspond 
to the circulating blood However, for the interpretation of certain circulatory 
disorders we feel that the students of hemodynamics should be aware of prob- 
able relationships which adequately characterize the anomalous flow proper 
ties of blood 

SUMMARY 

1 A modified falling ball viscometer (rolling ball viscometer) for blood and 
other humors is presented It is capable of easily measuring flow properties 
at several stresses, as is required to define satisfactorily the properties of anoma 
lous flow systems At high shearing stresses, apparent specific viscosity values 
of 2.5 + are observed, corresponding to 2 2 =b0.2 reported as possible with 
the biological viscometer of Whittaker and Wlnton 

2 Previous references to the anomalous flow properties of blood were ven 
fied It was demonstrated that these systems conform to the Bingham concept 
of anomalous flow To define completely the flow properties of such systems 
it is necessary to make determinations at at least two shearing stresses, prefer 
ably more. Data are reported for the pseudoviscosity and yield value, the 
latter being possibly the most specific property of the three bloods studied. 

3 Hepann in increasing amounts tended to decrease the apparent viscosity, 
pseudoviscosity, and yield value of blood Similar increases of hepann also 
reduced the viscosites of the serum and plasma. 

4 The ratio of the apparent viscosity of blood and its plasma was found to be 
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reasonably constant as reported by Trevan However, as the apparent vis- 
cosity is a function of the shearing stress, it is bebeved that the relationship for 
the calculations of corpuscular concentrations, such as the Whittaker and 
Winton modification of the Hatschek formula, is specific for the instrument 
and conditions of tests by which it was determined 
5 Heparinized blood was found to exhibit thixotropy, dilatancy, and age- 
hardening phenomena 
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INCREASED IRRITABILITY IN NITELLA DUE TO GUANIDINE 
By W J V OSTERHOUT 

(Front the Laboratories of The Rockefeller Institute for Medical Research ) 
(Recaved for publication May 21, 1942) 

Guanidine 1 * * produces striking effects on animals which find a parallel m 
Nttella. This is the more interesting since these effects in animals have been 
attributed to nervous activity involving the action of acetylcholine 

The experiments on Nttella were undertaken because it appeared that loss 
of excitability and of the potassium effect (ability to distinguish electrically 
between K+ and Na + ) in distilled water was due to the washing out of a sub- 
stance which was called for convenience R, In some cases excitability re- 
mained after the potassium effect was lost and it was then found that the action 
current could restore the potassium effect.* Since the action current presum- 
ably earned cations from the sap into the surface it appeared possible that R 
contained organic cations Accordingly expenments were made with guamdme 
since it can supply such cations, even at high pH, as it is a strong or game base. 

The parallel phenomena may be considered under two heads 

1 Restoration of Excitability — In cases of myasthenia gravis the muscles 
may lose their excitability so that the patient is unable to move even an eyelid 
Dosage with guamdme may then produce great improvement of the excitability 
and o se of the muscles . .* 

When cells of Nttella have lost their excitability as the result of exposure to 
distilled water it may be restored by guanidine this is also true of the potassium 
effect. 4 * * 

2 Hyper excitability — Guamdme may cause fibrillary tremors and tome con 
tractions of skeletal muscles * •* TLe threshold for electrical stimulation ne- 
cessary to cause muscular contraction when the stimulus is applied to the 
nerve is lowered 1 * It has been suggested as the result of expenments on dogs 
that guamdme sensitizes the muscle to the action of acetylcholine. 7 A similar 
suggestion comes from studies on myasthenia gravis * 

1 For convenience this term will be used to include guanidine methyl guanidine, 
and di-methyl guanidine. 

1 Osterhcrat, W J V , and Hill, S E J Gen Pkynd 1934-35 18,631 

* Minot, A. S. Dodd and Riven S S Science 1938 87,348 and the literature 
there given. 

4 Osterbout, W J V J Gen Physiol 1940-41 24, 7 

1 Paton D N., and Findlay L., Quart J Exp Physiol , 1916 10, 315 

• Frank, E , Stem, R. and Nothmann, M , Z its exp Med , 1921, 24, 341 

7 Frank E-, Nothmann M and Guttmsnn, E., Arch, ges Physiol , 1923 201, 569 
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Guanidine also produces hyperexcitability m Nitella This is evident since 
(a) the threshold of electrical excitability 8 may be lowered and (6) a smgle 
electrical stimulus may produce a long series of quick action currents, 9 which 
is perhaps analogous to the fibrillary tremors of muscle under the action of 
guanidine 

There is no reason to suspect that acetylcholine plays a r61e in Nitdla smce 
the application of acetylcholine produces no change m p D and does not act as 
a stimulus It would therefore seem that in Nitdla guanidine sensitizes the 
protoplasm directly to the electrical stimulus 

A typical response to a smgle stimulus m an untreated cell is seen m Fig 1 10 
But when cells are treated with guanidine a stimulus instead of producmg a 
single response may give the result seen m Fig 2 To explain such curves let 
us consider the role of K + m producmg pd u The normal outwardly directed 
(positive) P d is presumably due chiefly to the outwardly directed concentra- 
tion gradient 12 of K+ across the inner protoplasmic surface, called for conveni- 
ence Y (the aqueous part of the protoplasm may be called W and the outer 
non-aqueous surface X) 

This gradient presumably disappears 13 when K moves outward mto W as 
the result of the stimulus 

8 The electrical stimulus consisted of 100 to 500 mv d c applied at a distance of 
1 cm or more from the spot recorded, as descnbed in previous papers 

9 Such senes of action currents are frequently propagated along the cell They are 
more apt to occur in cells that have been kept a long time in the laboratory 

10 The cells, after being freed from neighbonng cells, stood in the laboratory at 15° 
± 1°C in Solution A (cf Osterhout, W J V, and Hill, S E ,J Gen Physiol , 1933-34, 
17, 87) for several days They belonged to Lot B (cf Hill, S E , and Osterhout, 
W J V , Proc Nat Acad Sc , 1938, 24, 312) 

The measurements were made on Nitclla flcxilis, Ag , using the techmque descnbed 
in former papers (Hill, S E , and Osterhout, W J V , J Gen Physiol , 1937-38, 21, 
541) Temperature about 20-26°C Regarding the amplifier see the reference 
just cited 

There was no indication of injury in these experiments 

u Stnctly speaking they may be said to depend on the movement of ions in 
general but the effect of K + is so predominant that we may, for convenience, confine 
the discussion to it 

12 Osterhout, W J V , J Gen Physiol , 1934-35, 18, 215 

13 Cole and Curtis (Cole, K S , and Curtis, H J , / Gen Physiol , 1938-39, 22, 37) 
haie shown that the outwardly directed pm begins to fall off before the increase in 
the conductivity of the protoplasm begins This might be brought about in a \ ancty 
of waj s, c g b\ a decrease in the i alue of «k ~ pci, as occurs, for example, in Valoma 
under the influence of -various organic substances lmolvmg no loss of resistance such 
substances might be produced as the result of stimulation Cf Osterhout, W J V , 

J Gen Plysiol , 1936-37, 20, 13, J Cell and Comp Physiol , 1941, 18, 129 
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Under normal conditions K + presumably moves out through I , produang 
the initial rise in the cun e (spike) seen m Tig 1 When the outwardly movmg 



m 

m 

at 

IM 

m 

m 

mww* 


m 

m 

m 

1 

m 

m 

WWMM 

r 

m 

1 

Ml 

s 

is 

g 

mmm 

E 

'“i 


m 

m 

m 

1 

KImiSS 

L_L_J 


«*WI 



Fio 1 Action curve in an untreated cell recorded between two points D and F 
both in contact with Solution A (owing to a block the curve is monophasic) 

The cell was freed from neighboring cells and kept in Solution \ at 15 ± 1 C for 
50 days The record was made at 22 C 
Heavv time marks 5 seconds apart 





Fig 2 Result of a stimulation after an exposure of 3 hours to 0 01 u guanidine 
hydrochloride. During the passage of the stimulating current (shown bv the white 
signal line above) the amplitude of the responses remained small but it 6ubscquentl\ 
increased and became stead\ (for about 7 minutes) and then the responses ceased 
abruptlv These quick action currents were propagated along the cell 

The cell was freed from neighboring cells and kept m Solution -V for SO days at 15 ± 
1 C It was then kept at 22 C for a short tunc and exposed to the reagent at this 
temperature. 

The spot recorded was m contact with Solution A and was connected through the 
galvanometer to a spot at the end of the cell in contact with Solution \ saturated with 
chloroform which kept its pm constant approximately at xero and made the record 
monophasic 

Heavy time marks 5 seconds apart 

K + reaches the outer non aqueous surface layer \ it sets up an outwardh di 
rected concentration gradient of K + and an outwardly directed pj> causing 
a fall of the curve This is re\ersed as K + reaches the outside of \ and thus 
des troy’s the outwardly directed concentration gradient of K + across \ 
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Hence the cune rises Then reco\erv sets in this consists in restoring to the 
sap the K~ which has mo\ed outward during the action current 

Experimental evidence fa\onng this explanation is found in cases where the 
sensitivity of A r to K+ can be altered Thus in Nilel/a w e can make X msensi- 
tne to K + by leaching with distilled water We then find, as expected, onh 
one peak in the action cun^e 14 Conversely in Chara where A r is normally 
insensitive to KA and the action cune has but one peak we find, as expected, 
a double peak when X is made sensitne to K+ bj means of guanidine 16 
It may be added that in Valoina 12 the movement of KA appears to produce 
effects resembling those seen in the action cun e of Nttella 
This discussion applies to the normal procedure in which K + is supposed to 
mo\e outward into the cellulose wall or the external solution Recovery is 
then relatively slow since it involves the return to the sap of the KA which has 
mmed out 16 Bvt if KA moxes out ward only a very short distance, r c just 
outside I , it is evident that reco\ery could be much quicker In that case the 
cune would ha\e but one peak since K + would not reach 17 X W e might then 
get such cunes as are seen m Fig 2 Whether the penetration of guanidine 
could accomplish this is an interesting question 
The action ounces occurring under the influence of guanidine show interest- 
ing features lS Among these are the following 

1 In mam cases bursts of action currents alternated with periods of rest 
(Tigs 3 and 4) (this is also seen in some untreated cells 19 ) Similar phenomena 
ha\ e been obsen ed in untreated nen e, c g b\ Adrian-’ 0 and by Hoagland JI 

2 The action cune max seem to go below the base line which records the 

11 Osterhout, \\ J \ , and Hill, S E , / Gcu PJivsiol , 1939-40, 23, 743 
lJ Osterhout, W J \ , and Hill, S E , I Gcu P/ivsw! , 1940-41, 24, 9 
lf This mo\unent of K* is presumabh due to the forces which in the resting state 
of the cell cause KA to mo\ e from the external solution to the sap 

17 If the cune did not drop abrupth after reaching the apex of the spike we should 
not ha\ e a double peak This abrupt fall of the cun e can occur onl> if the outw ardh 
mo\ ing KA reaches \ in the form of a fairh sharp moung boundan This might be 
interfered with b\ protoplasmic motion which is usualh present in Vi Iclla 

If II alreade contains much K or guanidine ion the moeement of K into II ma\ 
not greath increase the outwardh directed pd across \ and hence ma\ not cause 
much drop in the cune after the apex of the spike In that case the first peak will 
be inconspicuous or lacking 

i v Some of these ha\e also been ob'Cned under the influence of NaCl or in cells 
which ha\c stood for a long time in the laboraton in Solution A Regarding these 
see Hill S E , and Osterhout \\ J \ ,/ Gat Phxsiol , 1934 - 35 , 18, 377, 1938-39, 
22,91 Osterhout \\ J 1 , and Hill, S E 1 Gat Ph\siol , 1934-33, 18, 499 
i Q O'terhout, \\ J A and Hill, S E , / Gat P/i\sio! , 1934-35, 18, 512 (rig 15) 
c-' \drum E D , The basis 0 1 sensation London, Christophers 1928 
- 1 Hoadand H 7 Gtti Ph\sto 1 , 1912—33, 16, 695, t lo 
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Fig 3 \t the start the curve (i?) shows the usual (complete) resting value of the 
p jo then a spontaneous action cun e is seen No recov erj occurs for about 20 seconds 
and during this interval the level of the cun e ma\ be called the incomplete resting 
stage (IK) It might be mistaken for the complete resting stage if w e had not seen 
the rise of the cun e the subsequent quick action cun es might then be erroneously 
regarded as carrying the curve below the complete resting stage (t e making the p d 
more positive than in the normal resting condition) 

The record was made between two points C and F both in contact with Solution 
A (owing to a block the record is monophase) The activity was spontaneous 1 1 
no stimulus was applied 

The cell was exposed for 117 minutes to 0 01 u guanidine h>drochlonde at pH 5 
The cell was freed from neighboring cells and kept in Solution A for 30 days at IS 
± 1 C The record was made at 22 C 
Heavy time marks 5 seconds apart. 
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Fio 4 Shows a regular wax and wane of the amplitude of the action curve in a 
cell exposed for 4 hours to 0 01 u guanidine h> drochlonde at pH 7 The record was 
made between two points D and F D was m contact with Solution A and F was in 
contact with 0 01 u KC1 which kept the pd constant approximate!} at zero and 
made the record monophasic. 

Before and after the wax and wane phase the cur\ e is at an incomplete resting 
stage ( IR ) as m Fig 3 The activity was spontaneous it no stimulus was applied 
Fhe cell was freed from neighboring cells and kept in Solution A for 50 days at 15 
± 1 C The record was made at 22 C 
Heavj time marks 5 seconds apart 

pj) of the cell at rest but it is probable that m such cases the base line does not 
represent the true resting potential We maj distinguish between the resting 
potential R found after complete recoven and the incomplete resting potential 
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IR, found after incomplete recox ery (i c when some of the K + which mo\es 
Irom the sap into II during the action fails to go back into the sap during re- 
cox erx and remains in II to set up an outwardlx directed p D across A”) For 

Zepo 

50 mv. 

Pos. 

Fig 5 Shows a “square topped” action cune in a cell exposed for 140 minutes 
to 0 01 M guanidine hxdrochlonde at pH 7 The action cun e is recorded between two 
points, E and F , both in contact with Solution \ (owing to a block the action cune is 
monophasic) The acti\it\ was ‘spontaneous,” i c , no stimulus was applied 
The cell was freed from neighboring cells and kept in Solution A for 30 daxs at 15 
db 1 C C The record was made at 22°C 
Hcaw time marks 5 seconds apart 




Tig 6 Transition to --quare topped” action cune in a cell exposed for 61 min- 
utC' to 0 01 M guanidine hxdrochlonde at pH 7 The record was made between a 
spot D in contact with Solution 4 and another spot r in contact with 0 01 it KC1 
which kept the r d constant approximatch at zero and made the record monophasic 
1 he acti\ it\ was spontaneous i c no stimulus was applied 

The cell was freed from neighboring cells and kept for 30 da\s in Solution A at 15 ± 
1 C The record was made at 22 : C 
Heave time marks 5 seconds apart 

example in Tig 3 we see at the start a base line which may be regarded as 
representing the complete resting potential R But later we see an incom- 
plete resting potential IR \\ hen recox er\ becomes more complete the cune 
goes below the IR lex el — 

- (Mcrhout, \\ I \ and Hill, S E , / Gai Plnswt , 1934-35, 18, 499, Hill, S 
E and (Mcrhout, W J \ Cm P/i\sip! , 1938-39, 22, 91 
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3 Action cun es not going to zero The observed p d m the resting state 
is presumably due chiefly to the concentration gradient of K+ across I and 
uben this disappears during the action the p d flushes and the cune goes to 



Fig 7 Transition to square tipped action curves in a cell exposed for 61 mm 
utes to 0 01 m guanidine hydrochloride at pH 7 The record was made between two 
points D and F D was m contact with Solution \ and r with Solution A saturated 
with chloroform which kept the pd at F c\ nstant appronmateh at icro and made 
the record monophasic The activitv was spontaneous t e no stimulus was 
applied 

The cell was freed from neighboring cell and kept in Solution A for 30 day % at 15 
±1 C The record was made at 22 C 
Heavy time marks 5 seconds apart 



Fig 8 Transition to square topped action cun, e m a cell exposed for 53 rrnn 
utes to 0 01 Ja guanidine by drochlonde at pH 7 0 The record was made beta cen two 
points D and F with Solution A at D and Solution A saturated with chloroform at F 
which kept the vst at F constant appronmatelv at zero and made the record mono- 
phasic. The activity was spontaneous ix no stimulus was applied. 

The cell whs freed from neighboring cells and kept in Solution A for 30 davs at 15 
± 1 C The record was made at 22 C 
Heavy time marks 5 seconds apart 

zero unless at the end of the upward movement (spike) of the curve some ef 
fective cations (k + , Na + or guanidine ions**) remain in T1 to set up an out 

n The apparent mobilit\ of the guanidine ion in the outer protoplasmic surface 
exceeds that of Na T and this ma> be true of the non m\ehnated nenc of the spider 
crab since according to Wilbrandt (Wilbrandt 11 J Gcti I k\tiol 1936— 37 20, 
519) the guanidine ion acts somewhat like K* ^ 
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w ardly directed concentration gradient across A r Then there will be an out- 
wardly directed p D across X and the curve will not go to zero Several of the 
figures show this condition 22 

4 Wax and wane in the amplitude of the action curves (Fig 4) From 
what has just been said we may infer that a rise m the level of the apices of 
successive spikes indicates a decrease 12 m the concentration of effective ions 
(K + , Na + , and guanidine ions) in IF at the end of the spike When the apices 
fall to lower and lower lex els the opposite is indicated 

The presence of such ions in II at the end of the downward movement of the 
curve would prevent complete recovery and a decrease in such ions would make 
reco\ery more complete Hence the increasing vertical amplitude in Fig 4 
might be explained as indicating a decrease and the wane as indicating an in- 
crease m the concentration of such ions in IF 

5 Recovery is sometimes sudden, giving “square topped” 24 action curves 
as in Tig 5 

It has been suggested 25 that recovery involves two operations, (a) the return 
from II to the sap of the K + which comes out of the sap during the action and 
( b ) the healing of breaks in I (such breaks may account for some of the increase 
in permeability which accompanies the action) If (a) occurs before ( b ) no 
recover}' will occur until ( b ) is complete the latter (healing of breaks) 26 might 
occur suddenly which can hardly be the case with (a) Various “transitions” 
to “square topped” action curves are seen in Figs 6, 7, and 8 

It may be added that great variation m the response to the action of guani- 
dine was observed and in some cases no response w’as obtained 

DISCUSSION 

In animals guanidine lowers the emf necessary to produce stimulation and 
sets up trains of action currents These effects are also seen in Nilella but here 
there appears to be no reason for involving the action of acetylcholine as has 
been done with animals When we apply acetylcholine to Nilella there is 
little or no effect and there is no evidence that it plays any part in stimulation 
Exen m animals it is doubtful whether guanidine acts by affecting sensitivity 

24 See Ostcrhout, V J \ , and Hill, S E , Some wa\s to control bioelectncal be- 
ha\ lor, in Cold Spring Harbor s\ mposia on quantitatix e biologx , Cold Spring Harbor, 
Long Island Biological Association, 1936, 4, 47 (rig 3) 

20 Hill, S E , and Ostcrhout, V J A ,J Gat Plnsiol , 1938-39, 22, 91 Ostcrhout, 
V J \ ,7 Gen Ph\swl , 1938-39, 22, 417 Ostcrhout, \\ J \ , and Hill, S E, 

! Gen Plnsiol , 193S-39 22, 115 

26 The production and healing of “breaks” due to surface tension ma\ be sudden, 
a« indicated b\ experiments with oilx films Cf Osterhout, \\ J \ , and Hams, 
E S,/ Gen Plnsiol , 1927-2S.il, 684, Ostcrhout, A\ J \ ,J Gen Plnsiol , 1934-35, 
18, 221 
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to acetylcholine It has been suggested that guanidine affects potassium me- 
tabolism . 17 

Guanidine may produce such effects to some extent by increasing the con- 
ductivity of the aqueous layer of the protoplasm 1 * (IF) as previously suggested 
m connection with the action of NaCP in producing long trams of quick action 
currents. If we may judge by experiments on Vcdonid** it penetrates readily 

The shapes of the action curves might also be accounted for to some extent 
by the increased conductivity of W as discussed in a previous paper in connec- 
tion with NaCL w It may be noted that according to FQhner * 1 guanidine acts 
somewhat like NaCl on frog muscle 

The increased conductivity of the aqueous protoplasmic layer W would 
permit the same current density to be attained with a lowered value of the 
applied eou 

In addition guanidine may have specific effects as when it restores imt 
ability and the potassium effect in Nildla 33 

SUMMARY 

Guanidine applied to Ntlelln may lower the threshold of exlf required to pro- 
duce electrical stimulation and may give nse to trams of action currents Its 
effect thus appears to be somewhat sim il ar to that observed in animals 

Rapid action currents are produced as well as “square topped” action curves 
and transitional forms. 

These effects may be due in part to increased protoplasmic conductivity 
produced by the penetration of guanidine 

17 Thompson V , and Tice, A., J Fharm and Exp Tkerap , 1941, 73, 455 

“ The resistance of the protoplasmic layer as measured is chiefly due to X and 7 
and hence might not be much affected by guanidine. 

** Hffl, S E , and Osterhout, W J V , J Gen Phyno l , 1938-39, 22, 91 

” Osterhout W J V , Damon, E B , and Jacques, AG,/ Gen Pkynd , 1927-28 
11, 193 

11 F tllmer, H. Arch, exp Path u Pharm , 1908 68, 1 

w Guanidine is able to denature protems cf Grecnstem J P , / Bid Chan , 1939, 
ISO, 519 Minky, A E , / Gen Pkysxd , 1940-41, 24, 709 



ALLOCATION OF ELECTRICAL RESPONSES FROM THE 
COMPOUND EYE OF GRASSHOPPERS* 

By THEODORE LOUIS JAHN akd VERNER JOHN WULFF 
(From the Zoological Laboratories, Stale University of Iowa, Iowa City) 
(Received for publication, May 11, 1942) 

INTRODUCTION 

The possible sites of origin of the electrical responses recorded from arthropod 
compound eyes have frequently been discussed in connection with the sigmfi 
cance of these responses, but, except in Limulus, there is little experimental 
evidence concerning the definite allocation of these potentials Harthne (1935) 
suggested that the electroretinogram of insects possibly originates m two places, 
the sensory membrane and the optic ganglion. This suggestion was sup- 
ported by the investigations of Adrian (1937), who recorded a slow negative 
wave which apparently originated in the optic ganglion of Dyhscus, and of 
Roeder (1940), who noted that an electrical change of undetermined wave 
form could be produced m a grasshopper eye after excision of the optic ganglion. 
Bernhard (1942) demonstrated that most of the ERG of Dyhscus originates in 
the eye. He concluded that the ganghon does not contribute a slow wave to 
the ERG and, furthermore, that the slow wave Adrian (1937) recorded from the 
ganghon really originated in the eye. These conclusions of Bernhard (1942) 
on Dyhscus are not in agreement with preliminary reports by the present 
authors on Tnmerotropis (Jahn and Wulff, 1941, 1941o) 

The site of origin of the high frequency oscillations recorded from the com 
pound eyes of insects is also of interest Roeder (1939) suggested that in 
grasshoppers the oscillations originated in the cerebral ganglia. Jahn and 
Cresatelli (1940, 1941), Crescitelii and Jahn (1942), and Roeder (1940) then 
demonstrated that the oscillations persisted after the brain was removed and 
that the optic ganglion was probably the site of ongin. This conclusion was 
also reached by Bernhard (1942) for Dyhscus 

The purpose of the present paper is to allocate the ongin of certain com- 
ponents of the electroretinogram and of the electncal oscillations recorded 
from grasshopper eyes. 

if atonal and Methods 

Two species of grasshoppers, Tnmerotropis citnna and T maritime, were used in 
these experiments. In order to obtain the normal ERG and the electrical oscfllaLoni 

* Aided by a grant from The Rockefeller Foundation for investigations m cellular 
physiology 
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the animals were prepared m the following manner Black paraffin chambers were 
built around the corneas of both eyes and fitted with glass end plates, one of which was 
rendered opaque to hght by black paraffin The tops were left open, and the chambers 
were filled with salt solution The animals were then mounted in the electrode cham- 
ber, and electrical contact was made between reservoirs, which contained salt solution 
and non-polanzable electrodes, and the chambers about the eyes One eye was ll- 



Tig 1 Diagrams illustrating electrode positions and electrical circuits In the 
preparation involving leads 3 and 4 it is understood that the blood of the grasshopper 
completed the electrical circuit between the two eyes The numbers on each circuit 
refer to the leads described m the text in full detail 

lurrunated for a controlled length of time with an intensity of 10,000 foot-candles, 
which will be referred to as unit intensity The electrical responses were amplified 
bj a variable-time-constant high-gam amplifier, and recorded on sensitized paper by 
means of a cathode ray oscillograph For the slow potentials the amplifier was oper- 
ated at a low gam and a long time-constant (2 9 seconds), for the faster oscillations 
the amplifier was operated at high gam and short time-constant (0 1 sea) 

The records presented in this paper were obtained with a variety of electrode posi- 
tions, and in some cases the optic and cerebral ganglia were removed The various 
lead combinations are diagrammed in Fig 1 and were as follows Lead 1, input elec- 
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trode connected to illuminated cornea ground electrode to non Alumina ted cornea 
a nimal intact or with exosheleton of front of head removed so that the ganglia could 
be easily removed latex Control experiments demonstrated that removal of part of 
the exoskeleton of the head did not affect the form or magnitude of the dectroreUno- 
gram. Lead 2, input electrode (Ag AgCl or bare metal insulated to tip) placed on the 
optic ganglion ground electrode on non illuminated cornea. Lead 3 same as lead 1 
except that the optic and cerebral ganglia were removed by simply lifting the ganglia 
out with a pair of forceps. Histological examinations of these preparation* were 
made and are described below Lead 4, animal deganglionated input electrode on 
back of eye m position formerly occupied by the optic ganglion ground electrode on 
non Alumina ted cornea. Lead 5 isolated eye and ganglion preparation, input elec 
trode on ganglion ground electrode on the optic nerve or the crushed cerebral ganglia. 
In no case was the arumal connected to ground except through the ground electrode. 

RESULTS 

I Allocation of the Ongin of the Electroretmogram 

A The Elcdrorehnogram of the Normal Animal (Lead 1) — The wave form 
of the electrical response of the normal Tnmerotrops eye to a half-second light 
stimulus of unit intensity vanes with the state of light adaptation. The re- 
sponse of the maximally dart adapted eye is a negative (downward) wave 
consisting of a rapid 6- wave 1 * * * * with a latent period of about 10 msec, a c wave 
which is a maintained potential, and a downward spike, the d wave (row 1 
Fig 2) The d-wave ends with a return to the base line. 

Upon light adaptation this response changes m several ways (1) The 6-wave 
and the d wave spikes apparently decrease m size, this is caused by (2) an 
increase in the magnitude of the c wave. The magnitude of the c wave first 
undergoes a decrease and then a considerable increase (row 1 , Fig 2) 

These responses of the eye of Tnmerotropis differ from those of Mclanoplus 
differentials described previously 7 m that the 6- and d waves are present in the 
dark adapted eye. In M differentials these waves appear only under condi- 
tions of light adaptation (Jahn and Cresatelh, 1938) On the basis of the 
three-component theory (Gramt, 1933) these differences are exp l ai n able by 
assuming slightly 7 different magnitudes or wave forms for the components. 

B The Electraretinogram of the Deganglionated 1 Animal (Lead 3) — The 
wa\e form of the electro retinogram of the deganglionated eye is character 
istically and constantly different from that of the normal eye in several re- 
spects (1) The 6-wave spike is modified mto a blunt peak which ends in a 

1 The terminology applied to parts of the typical vertebrate dectroretinogram have 

been earned over and applied to the arthropod electro re tlnogram but a fundamental 

similarity between the two is not necessarily implied. 

5 The operative procedure m the removal of the optic ganglion Is described below in 

the section on morphology 
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slow return to the level of the c-wave, (2) the d-xv ave spike and all evidence of 
the d- wave are absent, (row 3, Fig 2), (3) the c-wave usually has a somewhat 
greater upward slope than that of the normal ERG (intermediate and light- 
adapted conditions), (4) the effect of light adaptation is much reduced and 
results only m a slight mcrease in size of the e-wave 
Fig 3 shows the result of one of a senes of experiments in which the ERGs of 
the same animal before and after deganghonation were compared Record 



Fig 2 Copies of typical responses obtained from normal and deganglionated com- 
pound grasshopper eyes and optic ganglia The number at left of each row of records 
corresponds to the number of a lead m Fig 1 All exposures were one-half second 
DA denotes dark-adapted, LA, intermediate-adapted, and LA, light-adapted In 
row 1 the DA, IA, and LA records are the first, tenth, and one-hundredth responses 
from a repetitn. e senes Time-constant 2 9 seconds Downward deflection denotes 
negativity of left lead in Fig 1 

II A consists of normal ERGs obtained from an animal before deganghonation 
Record II B was obtained from the same animal after deganghonation Simi- 
lar experiments w ere performed on a number of animals The principal differ- 
ences between records II A and II B have been observed m eveiy case studied 
and stronglj suggest a contribution from the optic ganglion to the normal ERG 
C Normal and Deganglionated Electrorehnograms Recorded from the Back of 
the Eye ( Leads 2 and 4) — With the input electrode placed on the optic 
ganglion and bathed b> the blood of the grasshopper (lead 2) an inverted and 
modified form of the normal ERG is obtained (row 2, Fig 2) There is an al- 
teration of wave form, but b> far the most significant difference is a greatly 
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increased latent period. The latency is about three times as great as the same 
response recorded from the comeal surface (approximately 30 msec vs approxi- 
mately 10 msec) The peak oi the potential with lead 2 is considerably later 
in appearance than the peak of the 6-wave with leads 1,3 or 4 
Tins increase m the length of the latent period becomes significant only when 
it is compared with a similar recording of the deganghonated ERG (lead 4) 
The response obtained with the deganghonated animal is the inverted form of 
the deganghonated ERG recorded from the comeal surface (lead 3) and there 
is no increase in latency and very little distortion of wave form (row 4 Fig 2) 
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FlO 3 Typical responses of the normal and deganghonated compound e\ e of grass- 
hoppers II A normal responses to half second repctitn e exposures to 10 000 foot 
candles II B responses of deganghonated animal to same stimulus as in II A II C 
II D oscillatory response of normal animal II E record showing lack of oscillator} 
response in deganghonated animal. All records were taken from the same c>c of 
one nmmaL Records H A and II B were taken with a time constant of 2 9 seconds and 
at intermediate amplifier gam Records II C II D and II E were taken with a 0 1 
second time constant and at maximum amplifier gain Time signal 100 msec. Refer 
to text for further details. 


These results would seem to indicate that with lead 2 the optic ganglion was 
the source of a potential which interacted with the potential from the eye thus 
giving nse to the observed differences, and that with lead 4 only one potential 
source — that of the eye — existed (The possibility that two components one 
positive and one negative, occur in the eye will be discussed later ) 

In a few coses the deganghonated eye gave a simple deflection m the positive 
direction comparable to a square wave which was mam tamed during lllumina 
tion In these cases the basement membrane suffered obvious injury and 
the source and significance of this potential difference remains uncertain 
D Slow Potentials Recorded from the Isolated Lye Ganglion Preparation 
( Lead 5) — The response of the ganglton to a half-second light stimulus a a 
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diphasic response, the major portion of u hich is a slow negative wave (row 5, 
Fig 2) The wave form remains constant with light adaptation, but the mag- 
nitude decreases In all cases the optic ganglion first became electrically nega- 
tn e to the optic nerve and cerebral ganglia The latent period of this ganglion 
potential is about 28 msec This is longer than the latent period wuth leads 1 
and 2, but not quite so long as that of lead 3 

The wave form of these responses, particular!}" the return toward the base 
line during illumination and the positivity with a return to the base line upon 
cessation of illumination, might be taken upon superficial examination to be 
caused b} amplifier distortion (too short a time-constant) This possibility, 
however, is eliminated by the fact that responses of similar length and mag- 
nitude from the corneal surfaces of the eye (records II A and II B, Fig 3, row's 
1, 2, 3, 4, Tig 2) show no such distortion and were obtained wuth the same 
amplifier characteristics Therefore, the peculiar w'ave form of these slow' 
potentials may be considered as the result of spreading of the potential change 
o\ er the surface of the ganglion Apparently because of the short length of the 
optic nerve and the lack of a myelin sheath the ground electrode in lead 5 is not 
“indifferent” but is in electrical contact w ith the active region of the ganglion 
in such a w a} that the leads are “diphasic ” There is no reason to assume that 
the spreading of potential o\ er the ganglion is much different in lead 1 (except, 
perhaps, for a slow ing of the spread because of possible damage to the ganglia), 
but the lead in that case is apparent!} “monophasic ” The curve of potential 
change at an} one point on the ganglion probably simulates a “square” W'ave 
Since with half-second exposures the “on” effect is greater than the “off” 
effect (row 5, Tig 2), this square wave probably declines in magnitude 

II Allocation of the Electrical Oscillations 

The electrical oscillations used in these experiments fall into the class of 
intermediate adaptation rhythms, as defined by Crescitelli and Jahn (1942) 
This rh} thm is present when the e}e is partial!} light-adapted but disappears 
with both extreme light and dark adaptation In these experiments it w'as 
obsen ed that the intermediate adaptation rh} thm could be elicited by a 
stimulus onh when the optic ganglion behind the illuminated eye was present 
and uninjured (records II C and II D, Tig 3) When the optic ganglion was 
surgicalh removed electrical oscillations were ne\er obtained (record II E, 
Fig 3) The oscillations are sometimes of greater magnitude when the re- 
cording electrode is placed on certain parts of the ganglion 

In the isolated e\e ganglion preparations previous!} described the slow po- 
tential was alwa\ s present, but the electrical oscillations were ne\er recorded 
This failure was attributed to possible slight mjun of the ganglion Roeder 
(1919) encountered a comparable phenomenon when he failed to obtain oscilla- 
tions after se\ering the optic nerve Later (Roeder, 1940) he pointed out that 
this absence of oscillations was caused b} slight injun of the ganglion 
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III Morphological Observations 

Surgical removal of the optic ganglion, which ia closely attached to the back 
of the eye, was facilitated by a natural tendency of the ganglion to separate 
easily from the eye dose to the basement membrane. This resulted m almost 
complete removal of the neurone layers of the ganglion with minim al injury to 
the sensory dements of the eye. 

The optic ganglion is composed of three neuropiles or synaptic areas, one, 
the lamina ganghonans, a lm ost immediately behind the basement membrane 
and two larger groups, the medulla externa and medulla interna, toward the 
center of the head. The neurocytes are on the periphery of the ganglion and 
between the neuropiles. The ganglion is covered by a neuril emma except on 
the side adjacent to the basement membrane. In the deganghonated ammal3 
the two median neuropiles (medulla externa and medulla interna) and all of 
the neurilemma were completely removed In all cases the Iqminn, ganglionaris 
was considerably damaged and partly removed and the basal retinal pigment 
was dearly visible from the back of the eye. The only neurocytes which were 
not removed were those few which were between the lamina ganghonans and 
the basement membrane As will be discussed below it is highly improbable 
that these neurocytes contributed to the recorded potential. In some few cases 
the basement membrane seemed to be considerably injured, and in these cases 
the recorded action potential was a simple maintained deflection with reversed 
polanty 


discussion 

Summary of Evidence for Allocation of Potentials 

The condusions drawn from the senes of experiments which have been de- 
scribed are (1) that the optic ganglion is the site of origin of electrical oscilla- 
tions and (2) that the slow potential of the optic ganglion is a component of the 
electro retinognun of the grasshopper The vanous evidences for these con 
duaions will be presented 

I Evidence for the Conclusion that the Optic Ganglion Is the Stte of Origin of the 
Electrical Oscillations 

It has been dearly demonstrated (Jahn and Crescitelh 1940, 1941 , Cresatelli 
and Jahn, 1942, and Roeder, 1940) that the cerebral ganglia are not in any 
way concerned with the high frequency oscillations recorded from the eyes of 
grasshoppers In the present series of experiments we have demonstrated that 
the electrical ostiUations are present when the optic ganglion behind the e> e i3 
present and uninjured, and absent whenever the ganglion has been mutilated 
or removed. 

These observed facts point dearly to the optic ganglion as the source of 
high frequency os cilla tions, a condusion corroborated by the fact that these 
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oscillations are of greater magnitude when recorded from certain parts of the 
intact optic ganglion 

II Evidence for the Conclusion That the Slmu Potential of the Optic Ganglion 
Contributes to the Grasshopper ERG 

A Direct Evidence — A comparison of the responses obtained from the 
corneal surfaces of the normal and deganghonated grasshopper reveals distinct 
and constant differences which have been observed in every case studied It is 
concluded, therefore, that removal of the optic ganglion is directly responsible 
for the changes produced m the ERG This reasoning leads to the logical as- 
sumption that the ERG of the normal animal is an algebraic sum of two po- 
tentials, one originating at the sensory membrane and the second originating 
at the optic ganglion 

That the optic ganglion actually is the source of a slow potential is amply il- 
lustrated by the records taken with the isolated eye ganglion preparation 
(lead 5) As ^explained above, this change of potential probably simulates a 
square wave of declining amplitude The results of Adrian (1937) on Dytiscus 
demonstrate that in this animal the optic ganglion potential is a negative wave 
which is maintained during illumination On the basis of other work on ganglia 
and on the vertebrate central nervous system a more or less maintained 
negative wave is the type of potential change which might be expected 

On the basis of the above observations, it is possible to reconstruct the normal 
ERG by algebraic summation of the ERG from the deganghonated animal 
(i c , the potential from the sensory membrane) and the potential from the optic 
ganglion In tins reconstruction it is necessary to account for the following 
characteristics of the normal ERG (1) the b - wave spike, (2) the d - wave 
spike, and (3) the increase in magnitude of the c-wavc upon light adaptation 
All these three characteristics are partially or totally absent m the electrorc- 
tinogram from deganghonated animals 

During illumination the back of the compound eye becomes electrically 
positive to the front of the eye, and the optic ganglion becomes negative to the 
optic nerve Therefore, it might seem likely that when measurements arc 
made across both the eye and the ganglion, the negativity of the ganglion 
should oppose the positivity of the back of the eye, and the recorded potential 
should be the sum of the potentials of these two sources How r cvcr, the ob- 
served potential approximates the difference rather than the sum of these two 
potentials, and this fact makes it seem likely that the fibers going into the gan- 
glion make electrical contact with the inside of the ganglion (i c , with the posi- 
ti\ e area) and that the negativity of the outer side of the ganglion is recorded 
in opposition to the potential from the sensory membrane The algebraic 
summation of these potentials is shown diagrammatically in Fig 4 

On this basis we can account for the abox'e three characteristics of the normal 
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ERG as follows (1) Since the latency of the optic ganglion response is greater 
than that of the ERG of the deganglionated animal, the initial blunt negative 
spike of the former will react with the initial peak of the ERG to produce the 
E-wave spike of the ERG of the normal animal, (2) the response of the optic 
ganglion is terminated by a rapid change m the positive direction, and it is 
this change which adds (because of its location) to the declining negative po- 
tential from the sensory membrane to give nse to the d wave spike of the ERG 
of the normal animal. (3) The magnitude of the two peaks recorded from the 
isolated ganglion and presumably of the mam tamed potential of the ganglion 
decreases with light adaptation (row 5, Fig 2) This decrease in the ganglion 



Flo 4 Diagrammatic representation of the algebraic summation of potentials from 
the sensory membrane (deganglionated ERG) and op tic ganglion to produce the normal 
ERG The potentials above the base line are positive those below the base line are 
negative. Refer to text for further details. 

potential will account for the increase in magnitude of the c wave upon light 
adaptation m the ERG of the normal annual. In Fig 4 it can be noted that the 
summation of the two potential changes results in a slight inflection on the 
front of the b - wave of the normal ERG This inflection is usually visible in 
original records of the normal ERG, especially in slightly light-adapted a nima ls, 
and is barely perceptible in record II A of Fig 3 This inflection was never 
observed in records from deganglionated animals. 

This dose similar ity between the response of the optic ganglion and the 
arbitrary summation of the responses of the normal and the deganglionated 
eyes indicates the probability that such a process of algebraic summation ac 
tually occurs. The exact wave forms of the responses may be somewhat differ 
ent from those of Fig 4 because of slight condenser distortion (time-constant 
of 2 9 sec.) but the basic contours must be very similar to those presented 

In this discussion the possibility that the neurocytes remaining near the 
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basement membrane after deganghonation may contribute to the potential 
has not been considered It is unknown whether or not these neurones were 
still active after removal of the ganglion However, since the ganglion po- 
tential as ordinarily measured is either a difference between the inside and out- 
side of the ganglion or between ganglionic axons and neurocytes it seems highly 
probable that when most of the ganghon and all of the neurilemma have been 
removed, any potential developed by the remaining ganghon cells would be 
shunted in such a manner that it would be undetectable with the leads used 

B Indirect Evidence — It has been pointed out that the normal electroretmo- 
gram, when recorded from the back of the eye, exhibits a marked increase m 
the latent penod, whereas the deganghonated electroretinogram, when re- 
corded from a similar electrode position, exhibits no such discrepancy m latency 

These results may be explained on the assumption of the existence of two 
potential sources m the normal animal, one source being the sensory membrane, 
the other the optic ganghon Since these fields would exist almost simultane- 
ously an electrode placed anywhere within the superimposed areas of these 
potential fields would record the algebraic summation at that particular point 
The wave form and latency resulting from this algebraic summation would 
change with the location of the recording electrode 

When one of the potential sources, the optic ganghon, is removed, the elec- 
trode records only the one potential, which may be the inverted form of the 
response obtained from the corneal surface of the eye of the deganghonated 
animal 

This hne of reasoning comcides in every respect with the experimental ob- 
servations and therefore affords good indirect evidence for support of the 
conclusion that the slow potential of the optic ganghon exists and is summed 
algebraically with the slow potential of the sensory membrane 

Other Attempts to Allocate the Potential 

The only other serious attempt to allocate the origin of the insect ERG is 
that of Bernhard (1942) Bernhard used isolated eye and eye ganghon prepara- 
tions of Dyltscus margimhs Recording electrodes were placed on the cornea 
and at various places along the optic and cerebral gangha and on both sides 
of the isolated eye When the gangha were removed it was found that the 
oscillations w ere no longer recorded and that the ERG resembled a smooth 
square wave Cocamization resulted m a similar ERG recorded between the 
cornea and cerebral gangha Recording from the back of the eye and the cere- 
bral gangha of the cocainized preparation resulted in an electrical change 
similar to and of the juotc electrical sign (negative) as recording from the cornea 
This potential decreased in magnitude as the active recording electrode was 
moxed along the optic ganghon toward the cerebrum Bernhard concluded 
that this potential was the electrotonic spread of the ERG Previously, 
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Adrian (1937) had described this same potential as a ganglion potential, but 
Bernhard (1942) did not agree with this interpretation 

On the basis of Bernhard’s interpretation, the front part of the eye upon 
illumination becomes more negative than the bach pert of the eye, and the 
whole eye (or at least both surfaces of the eye) must become negative to the 
cerebral ganglia The first conclusion is amply supported by Bernhard’s 
records of Dyiiscus and our own records of Tnmcrotropis and unpublished 
records on other grasshoppers. However, the second conclusion is based only 
on records taken from the optic ganglion and cerebrum of Dyiiscus Records 
comparable to those from lead 4 (of present paper) are not readily obtainable 
from isolated preparations, but they have been obtained from deganghonated 
specimens of Tnmcrotropis Our records demonstrate conclusively that with 
lead 4 the back of the eye gives a positive potential. Since lead 5 gives a nega 
ttve potential it seems logical to assume that, at least in Tnmcrotropis, the 
ganglion gives nse to a negative wave, and that the potential measured on the 
ganglion is not the electrotonic spread of the (positive) eye potential In 
Dyiiscus this problem warrants further investigation. 

Vertebrate w Invertebrate Components 

The theory has been presented herewith that the normal electron; tinogram 
of Tnmerolropis is formed by the summation of a ganglion potential and a 
potential from the sensory membrane. This is essentially similar to the 
theories of two or three components which are supposedly summed m order to 
give the vertebrate ERG (Kohlrausch, 1931, Gramt, 1938) At present we have 
no basis for assuming which, if any, of the components of the vertebrate ERG 
are comparable to the two which are herewith proposed for the grasshopper 
In previous publications (e g , John and Cresatelb, 1938, 1940, Jahn and Wulff, 
1942) the nomenclature of the vertebrate ERG has been adopted, but ft has also 
been pointed out that the cause of this adoption has been a matter of conveni- 
ence rather than a conviction that the two wave forms are directly com 
parable The same caution should be observed in the case of the components 

However, on the tentative assumption that the components proposed here- 
with might be directly comparable to those proposed for the vertebrate eye, a 
comparison may be made. The so called negative component (P EH of Gramt) 
is m the direction opposite from that of the normal ERG and accounts for the 
a and d-waves. In the grasshopper, according to the present evidence, the 
ganglion potential assumes a similar position and accounts for the fiharpnes3 of 
the 6- wave and for the d wave.* If we assume that the ganglion potential is 

* In the moth it has been demonstrated (John and Cresatelli 1939) that the a~ wave, 
depending upon the state of adaptation may precede the 6-wave may be a notch on 
the 6-wave or may be preceded by the 6-wave In such a man n er as to increase the 
descending slope of the 6-wave. In the moth the components must differ considerably 



86 


ELECTRICAL RESPONSES PROM GRASSHOPPER EYE 


strictly comparable to the negative component (P HE) of vertebrates, and that 
P m is a process m the ganglionic neurones, we must then conclude that the 
activity of these ganglionic cells is much less susceptible to the action of toxic 
agents than is that of the site of origin of components I and JJ, for component 
III is always the last to disappear under the action of ether (Gramt, 1933), 
low temperature (Nikiforowsky, 1912), and potassium (Therman, 1938) It 
seems, a priori, as if the ganghon potential should be quite sensitive to these 
reagents, and one might expect component HI, on the basis of its low tempera- 
ture coefficient, to be developed more or less directly by the photochemical 
process in the sense cells For that reason it does not seem possible to conclude 
that the ganglion potential is strictly comparable to the negative component 
(P IH) of vertebrates It is possible that P III may be comparable to the 
negative potential obtained from grasshopper eyes with an injured basement 
membrane However, further analysis of possible homologies must await 
future investigation 

Bernhard (1942) concluded that there were two components in the ERG of 
Dyhsciis, one which was an index of receptor activity and one which resulted 
from fight adaptation The two components herewith proposed for Tn- 
incrolropis are not the same as those described by Bernhard We have made 
no attempt to separate the deganghonated eye potential into components 
The fact that the back of the deganghonated eye becomes positive maybe 
considered as evidence of a “dipole” — producing mechanism or it may be taken 
to indicate that the ERG consists of two processes, one of which makes the back 
of the ey T e positive ( cf Therman, 1940) This problem is beyond the scope of 
the present paper 

The ERG of the deganghonated Trwierolropis eye presents certain similarities 
to the ERG of other arthropod ey r es TheERG oiLtinulusm response to a stim- 
ulus of one-half second or longer is a simple deflection which reaches a maxi- 
mum rapidly and then subsides to a low potential which is maintained during il- 
lumination (Hartline, 1928, 1935) This typ>e of ERG differs from that of the 
deganghonated Trnncrotropis eye principally in the relative magnitudes of the 
maximum and the maintained potentials Since the optic ganglion of Lvnulus 
is separated from the tye and does not participate in the ERG, one might expect 
a similarity between the response of Lwnilus and that of the deganghonated 
insect eye In the crayfish, the ERG is very similar to that of Lmiulus (un- 
published observations by Jahn and Crescitelli) The craydisb optic ganghon 
does not co\er the back of the eye and is separated from it by a constriction, 

in wa\ e form from those of the grasshopper, especially since both a-w av es and sharp 
5-waves (even multiple 5-vaves) may be present However, it seems permissible to 
assume that the ganghon contributes a negative component comparable to that of 
Trrrcro'ropts 
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and it seems as if summation of ganglionic and sensory membrane potentials 
does not occur 

The wave form of the ERG of Mdanoplus is considerably simpler than that 
of Tnmerotropxs It seems quite probable that the principal differences be- 
tween the ERGaof these animals may be caused by the geometrical relationships 
of the eye and optic ganglion In relation to the sire of the eye the optic 
ganglion of Trtmerotropis is relatively much larger than in Mdanoplus, and it 
seems probable that the relatively larger ganglion ma> prevent shunting in 
such a way that more of the ganglion potential is summed with sensory mem 
brane potential to produce the recorded ERG This idea is supported by the 
fact that in Mdanoplus the wave form of the ERG is only slightly affected by 
removal of the ganglion (John and Wulff, unpublished observations) It also 
seems possible that the geometrical configuration of the eye and ganglion of 
Dytxscus may explain Bernhard’s observation that removal of the ganglion 
does not change the major wave form. In the case of animals which undergo 
a diurnal rhythm m the wave form of the ERG (Jahn and Cresdtelh, 1940, 
Jahn and Wulff, 1942) such a simple explanation is not sufficient to account for 
the differences between the day and night type of responses. 

SUMMARY 

1 The effect of extirpation of the optic ganglion on the ERG and on eiectn 
cal oscillations recorded from the compound eye was determined 

2 Extirpation of the optic ganglion prevents the occurrence of oscillations, 
and it is concluded that they originate in the ganglion. 

3 Extirpation of the optic ganglion changes the wave form of theERG The 
sharpness of the b - wave is decreased, the relative magnitude of the c wave is 
increased, and the d wave is obliterated These changes can be explained by 
asummg that the ERG is the algebraic sum of two potential changes, one in the 
compound eye, and another of opposite sign in the ganglion. This assump- 
tion is supported by data from a number of experiments in which the electrode 
positions were varied 

4 The explanation of the present data (which indicates two sites of origin 
of the ERG) is similar to the three-component theory which accounts for the 
complex wave form of the vertebrate ERG 
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INTRODUCTION 

The strictly autotrophic bacteria are defined as microorganisms which grow 
only in the presence of a specific inorganic nutrient from whose oxidation they 
derive their energy and which cover all of their carbon needs from carbon 
dioxide They are of physiological interest for three principal reasons First, 
they permit an experimental test of many of the deductions of comparative 
physiology and biochemistry in that they are examples of life conducted under 
conditions intolerable for most other forms The principal deduction derivable 
from Buch comparative studies seems to be that there is a basic unity m all 
living processes, that there are certain things which always take place wherever 
life exists. The evidence for this basic unity m living processes has been 
receiving considerable attention ( cf van Nlel (1940), Petenon (1941)) The 
autotrophic bacteria, by their very nature, offer the possibility of an expen 
mental approach to the problems which anse from the concept of a basic 
unity m all life processes. Second, the process of chemosyn thesis (defined as 
the formation of all cell materials from COj in the dark using chemical energy 
derived from the oxidation of the specific nutnent) is thought to be closely 
related to the process of photosynthesis so that knowledge of its mechanism 
might aid in the solution of the latter problem Third, since the autotrophic 
bactena are able to live m a purely inorganic environment it has been sup- 
posed (cf Workman (1939)) that they might be the surviving examples of 
the first forms of life As such, a study of their metabolism would be of 
interest since they might contain primitive types of metabolic processes The 
papers of this senes are concerned with studies on one of the strict autotrophic 
bactena, Thiobactllus thiooxidans and are divided into three parts (1) the 
mechanism of sulfur oxidation as revealed by respiration studies, (2) the 
manner m which COj is synthesized, and (3) the mechanism of energy exchange 
m chemosyn thesis. This paper is concerned with the mechanism of sulfur 
oxidation. 

The organism studied TktobacUlus ihtoomdans , oxidizes sulfur (or thio- 
sulfate) to sulfunc acid obtaining thereby the only energy which will permit it 
to grow Carbon dioxide is the only carbon source available for growth. It 

* This work was supported in part by the Wisconsin Alumni Research Foundation. 
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is not influenced by, nor does it apparently utilize, most types of organic 
materials, sugars, for example It will grow m an extremely acid solution 
containing more than 5 per cent sulfunc acid The strain used in these studies 
was discovered by Waksman and Joffe (1922) and was obtained through the 
kindness of Dr Waksman It has been studied physiologically by Waksman 
and Starkey (1922, 1923) and Starkey (1925 a, 1925 b) Methods of pre- 
paring suspensions and details of growth have been previously described 
(Umbreit, ei al , 1942) Briefly these consist of growth for several days under 
pure culture conditions on a medium containing no organic materials, only a 
few mineral salts, and sulfur After the growth period any remaining sulfur 
is filtered off and the suspension is centrifuged m a Sharpies supercentnfuge 
The cells are washed in distilled water and kept m distilled water suspension 
Previous studies from this laboratory have justified the claim that the study 
of autotrophic bacteria is of importance from the viewpoint of comparative 
physiology It was shown (Umbreit el al , 1942) that the oxidation of sulfur 
(which is insoluble in the medium employ-ed for growth) actually takes place 
within the bacterial cell, the sulfur being dissolved m a fat globule located at 
the terminal ends of the cell This supports the generalization that no organ- 
ism can obtain energy from oxidation not earned within its cell or at the cell 
surface Further, in spite of the fact that organic matenals are apparently 
not utilized, the organism possesses an organic metabolism utilizing the storage 
products formed during sulfur oxidation (Vogler, 1942) Cells of this auto- 
trophic bactenum grown on a purely inorganic medium contained the follow- 
ing Mtamins (O’Kane, 1942) thiamin, pyndoxme, biotm, nicotinic acid, 
pantothenic acid, and riboflavin This observation lends support to the 
generalization that these matenals are of universal significance and that lack 
of a “growth factor” requirement represents the ability of the organism to 
synthesize the factor involved It therefore appears that m spite of certain 
distinctl} unusual properties of this autotroph, there exist certain points of 
marked similanty with the metabolism of other types of cells, and m this 
sense the data support the concept of a basic unity in all living organisms 
Respiration studies applied to autotrophic bactena are not entirely satis- 
factory since they supply only one, or at most only a few, estimates of activity 
and as such are not entirety conclusive But they are of importance since 
m this va\ it is possible to separate growth reactions from those concerned 
with the metabolism of the resting cell They provide the basic background 
for other methods of study mg metabolism and are essential for the study of 
chemosynthesis Much of our present knowledge of autotrophic bactena has 
been obtained by these methods (Boemke, 1939), (Meyerhof, 1916 a, 1916 5, 
1917), (Vogler, 1942), (Waksman and Starkey, 1922) Inasmuch as a neces- 
sary condition for sulfur oxidation is a direct contact between the bactena 
cell and the sulfur particle (Vogler and Umbreit, 1941) certain modifications 
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m the methods which can be applied to this organism were required. These 
are described in the following section. 

Methods 

Oxygen uptake in the presence of sulfur was measured at 28° C. m the Warburg 
apparatus with KOH m the center cup t e., in the absence of all but traces of COj. 
The sulfur employed m these experiments was supplied m the form of a water sus- 
pension containing about 200 mg sulfur per ml which wax used so that the sulfur 
was always in excess Commercial ‘flowers of sulfur” is highly water repellent and 
docs not form suitable suspensions Colloidal sulfur from HjS and SOj or from 
thiosulfate is satisfactory but an easy way to obtain large quantities of sulfur suitable 
for suspension m water is the use of the sulfur which remains in the cultures at harvest 
Such sulfur is filtered from the cultures and suspended m li/l KOH which dissolves 
any organisms that may be still attached to it After about an hour In the KOH 
it is washed repeatedly with distilled water until free from traces of KOH. The 
sulfur thus obtained Is free from organic materials and is composed of rather small 
particles It can be kept in water suspension (from which it settles fairly rapidly) 
and is readily pipetted out into equal samples. 

The changes in oxygen uptake which occur when sulfur is mixed with a suspension 
of the organism in the Warburg flask have been described by Vogler (1942) who 
employs the same technique as used m these studies. The bacterial suspension, the 
appropriate buffer (usually M/60 KHjPOr), and a suspension of finely divided sulfur 
axe mixed and incubated for several hours. Immediately before use the pH is ad 
Justed to the proper value with as little disturbance as possible. Aliquots containing 
not more than 20 micrograms bacterial nitrogen per ml are then used m the Warburg 
determinations. One factor which influences the rate of oxygen uptake Is the rate 
of shaking of the flanks since this tends to disturb the sulfur bacteria contact. Shak 
ing is only necessary when the rate of oxidation is very high since here it is necessary 
to permit oxygen penetration Some c omp romise must be made between oxygen 
diffusion and the disturbance of cell contact. This is done empirically The rate of 
shaking is standardized at an optimum value and is held constant for the entire senes 
of experiments. Nitrogen was determined on the bacterial suspensions by the micro 
Kjddahl procedure described by Johnson (1941) Other specialized methods are de- 
scribed in the text when necessary The phosphate concentration influences the rate 
of sulfur oxidation but that rate is constant for any given phosphate leveC When 
materials are tipped in from the side arms of the flasks, these are dissolved in the 
same phosphate buffer so that the total phosphate concentration does not change. 

The handling of suspensions without sulfur is entirely comparable to the procedures 
used in studies of hetero trophic bactena. Suspensions without sulfur may be held 
at refrigerator temperatures for several weeks (In distilled water, saline, or phosphate) 
but they should not be too concentrated About 200 micrograms bacterial nitrogen 
per mb are satisfactory 

Factors Influencing Respiration 

Temperature — Sulfur oxidation was found to proceed over a temperature 
range from 18-45°C. The influence of temperature on sulfur oxidation was 
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measured by determining the oxygen uptake of a senes of aliquots at 28°C 
over 2 successive hours to be certain that the sulfur oxidation in all had reached 
a constant rate The flasks were then transferred to other water baths kept 
at different temperatures and the oxygen uptake compared with controls left 
at 28°C The manometers m all baths were shaken on the same rocking device 
After all temperatures except 48°C , respiration was unimpaired when the 
flasks were returned to 28°C The data obtained are given in Table I The 
energy of activation, “ft” calculated from these data is 19,000 calones (between 
28-30°C ) and 7,500 calones (between 18-28°C ) These values have a rather 
large error attached to them and are of mterest only m that they are of the 
same magnitude as those found for a vanety of other respiratory processes 
Crozier (1924) called attention to the fact that the /jl values of various bio- 

TABLE I 


The Effect of Temperature on Sulfur Oxidation by T/nobaciIlus thiooxidans 


Temperature 

No of samples 

Respiration 28°C -> 100 

Standard deviation 

°C 

7 

2 

7 


18 

4 

69 

5 5 

28 

8 

100 

— 

33 

S 

189 

47 

38 

5 

286 

32 

43 

3 

286 

38 

4S 

2 

177 

— 


logical reactions clustered around certain figures, i e , 8,000, 12,000, and 18,000 
The observation that sulfur has about the same temperature relationship as 
have other biological oxidation processes points toward a relationship of the 
respiratory processes m autotrophic and m heterotrophic organisms 

Acidity — The influence of pH upon the activities of TJnobacillus thiooxidans 
is recorded in Fig 1 which illustrates the respiration obtained with resting 
cell suspensions The curves show that above a pH of 5 there is a marked 
inhibition of sulfur oxidation (and thiosulfate oxidation) but there is little 
effect upon the endogenous respiration m the absence of sulfur There is a 
remarkable correlation between inhibition of respiration at these pH values 
and the amount of bound C0 2 in the medium However, since sulfur oxida- 
tion is contmued m the Warburg flask m the presence of KOH m the center 
well, lack of free C0 2 cannot account for the inhibition of respiration at pH 
values where carbon dioxide is mainly present as carbonate or bicarbonate 
It is of mterest, houexer, that the organism is adapted to just that range of 
H ion concentration m which free C0 2 is dissolved in the medium as a gas 
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At pH values higher than 8, lysis occurs and the rails dissolve. The endo- 
genous respiration is, of course, destroyed by this treatment, 

At pH values lower than 5, two types of response to alterations in pH are 
ob tamed depending upon whether the oxygen uptake is measured after the 
organisms have been m contact with sulfur for some time, or immediately 
after the sulfur has been added. The first type of response (that of organisms 
which have been m contact with sulfur for some time) is represented m Fig 1 
by cells which have been m contact with sulfur for 4 hours This curve shows 



Fig. 1 The influence of pH upon the respiration of Tkiobacdlus thuyondans 


that the oxidation of sulfur is not appreciably influenced by changes in pH 
between the limits of pH 4.8-2 0 If, however, sulfur (or thiosulfate) is 
added to the suspension and the oxygen uptake measured immediately a 
different Bhape curve a obtained. The shape of this curve would suggest 
that the phenomenon is due to the electrical charges on the organism and the 
sulfur Since the phenomenon occutb only during the period in which direct 
contact is being established there seems to be no doubt that the effect is on 
the rate of formation of the contact and not upon sulfur oxidation as such 
It 13 of considerable interest that sodium thiosulfate has the same type of 
curve as sulfur Since it is soluble, one would expect that its oxidation would 
not be dependent upon sulfur bacteria contact. That it is suggests that 
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thiosulfate is actually taken within the cell in the form of sulfur Growth 
studies reported by Waksman and Starkey (1923) show a pH relationship 
closely similar to the respiration curves obtained after sulfur-bacteria contact 
has been established These curves of growth and respiration differ from most 
pH curves obtained with bacteria m that they do not have marked optima 
This suggests that the internal pH of the cell is virtually mdependent of the 
external pH below a pH of 4 5 

Pressure of Oxygen — Growth studies indicated that variation of the p0 2 
between 10 and 30 per cent had very httle effect upon the rate of formation of 
sulfate (Vogler and Umbreit, 1941) Fig 2 summarizes the data obtained 
with respect to the effect of p 02 on the rate of sulfur and thiosulfate oxidation 
by resting cells The curves labeled I, H, HE, and IV represent successive 
half-hour intervals In the lower graph it may be noted that the effect of 
increased oxygen pressure is to increase the rate of sulfur oxidation but this 
increase is not marked Reduced oxygen pressure likewise has httle effect 
One point of interest is the tendency to mcreased rates of sulfur oxidation at 
lower pressures of oxygen This mcreased rate tends to become greater with 
time These data serve to emphasize that the rate of sulfur oxidation is not 
nearly as sensitive to p0 2 as the literature implies and as might be expected if 
the oxidation of sulfur were a simple chemical reaction The effect of pC0 2 
is very complex and will be considered m later papers 

Organic Substrates — In accordance with the reports of previous investi- 
gators it was found that, as a rule, organic materials had no effect upon respira- 
tion No organic material yet found can replace sulfur or C0 2 for the growth 
of Thtobactllus tlnooxtdans Fructose, galactose, cellobiose, glucose, trehalose, 
dulatol, glycogen, starch, arabmose, xylose, gluconic acid, and glycero- 
phosphate had no effect upon either sulfur oxidation or respiration m the 
absence of sulfur However, pyruvic, succmic, fumanc, malic, and oxalacetic 
acids appeared to stimulate respiration in the absence of sulfur Citric acid 
was variable Of these, pyruvic and lactic acids (m/ 150) inhibited sulfur 
oxidation quite consistently while succmic and fumanc acid occasionally 
inhibited None of these could serve as a source of energy for growth (in the 
absence of sulfur) The effect of these matenals is being studied further 
One unusual effect has been noted, pure crystalline nboflavin inhibits growth 
on sulfur at concentrations of 10 micrograms per ml and also inhibits sulfur 
oxidation by restmg cells, jet nboflavin is sjmthesized by the cell growing in 
an inorganic medium 

Inhibitors — \ wide xanetj’- of inhibitors have been studied for their effect 
upon sulfur oxidation, on respiration m the absence of sulfur, and for their 
effect on growth The data are recorded m Table H In the case of sulfur 
oxidation the inhibitor vas tipped in from the side arm after a constant rate 
of sulfur oxidation had been established The inhibitors were suspended m 
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phosphate (m/30) so that there was do change in phosphate concentration 
upon the addition of the inhibitor All experiments were run at pH 4 6-4 8 
in m/30 KjH 2 PO< 

At the present state of our knowledge of the action of these inhibitors on 
intact cells, the data contained in Table II can be considered merely as a 
statement of experimental results For example, the pomt at which indole 
acts upon respiratory processes in intact cells is not known Its peculiar 
action on this orgamsm (inhibition of growth at 10"%, sulfur oxidation at 
10~ 3 m, and respiration m the absence of sulfur at 10~ 2 m) can merely be given 
as an experimental finding and no interpretation can as yet be given 

Of the entire group of inhibitors studied only two inhibited the respiration 
in the absence of sulfur more than sulfur oxidation These (semicarbazide, 
hydazme) are characterized by the common possession of a — N — NH 2 group 
Urethane and sodium malonate had little effect upon any of the processes 
studied The action of sodium pyrophosphate, which inhibits growth at 
concentrations having no effect upon respiration seems to be related to its 
rather slow diffusion into the cell Sodium arsemte inhibits growth at much 
lower concentrations than respiration, but these data alone could not be re- 
garded as evidence of a phosphorylation since the locus of inhibition by arsemte 
m intact cells is not well estabhshed Sodium fluoride gives extremely variable 
results, frequently a marked stimulation is noted This may be followed by 
an inhibition at lower concentrations This effect has been noted m several 
experiments but no explanation can be given upon the basis of data now 
available 

2^-Dinitrophenol (DNP) causes 100 per cent inhibition when its concentra- 
tion reaches a threshold value close to m/40,000 At lower concentrations 
it tends to stimulate respiration These effects are better illustrated m 
Table EH in which the concentration of this agent is increased by smaller steps 
The definite stimulating effect at low concentrations of dmitrophenol cannot 
be ascnbed to lack of penetration of the inhibitor into the cells at low concen- 
trations The more gradual effect on endogenous respiration, which becomes 
inhibited only at a 10 tunes greater concentration (and is still stimulated at 
m/ 40 , 000 ) also indicates that diffusion phenomena are not the decisive factor 
in these experiments Unfortunately the locus of the action of dimtrophenol 
is not known That it does not “prevent assimilation” seems now fairly 
veil estabhshed but beyond this point little is known of its action 

The inhibition of sulfur oxidation and to a lesser extent the endogenous 
respiration by potassium acid phthalate was unexpected inasmuch as phthalate 
buffers have been used quite generally in physiological studies This effect, 
hove\er, is not confined to the autotroph, respiration of Escherichia coli and 
Staphylococcus aureus was inhibited by m/40 potassium acid phthalate The 
respiration of Bacillus subtihs was not affected (all of these w ere respirations 
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TABLE H 

The Influence of Inhibitor! on the Respiration and Grcnrik of Tk. tkioextdam 
Figures in parentheses indicate stimulation Growth studies Indicate growth (+) or 
no growt h (— ) In the presence of sulfur No further change* were evident after the 2 week 
period recorded. Endogenous respiration means respiration In the absence of rawifxnhlc 
sulfur Inhibition recorded a* per cent of respiration destroyed by addition of inhibitor 
All studies at pH 4 6-4.8 In u/30 KHjPO* 

Motir!ty of lnhfWtor (£Mleoccentr*tioo) j 10-1 j 10-s | 10-* | IN j JCT* j 1CT* | Renuria 


Sodium cyanide 


Sulfur oxidation 


100 

50 

50 ] 

0 

0 

Endogenous respiration 


95 

32 

10 

0 

0 

Growth 1 wk. 



— 


— 

— 

2 wka 



— 

+ 

+ 

+ 


Sodhnn aside 


Sulfur oxidation 


92 

86 1 

60 1 

5 1 

0 

See text 

Endogenous respiration 


0 

0 1 

o 1 

0 

0 


Growth 1 wk 


— 


— 




2 wks 


- 


+ 





Sodium lodoacetate 


Sulfur oxidation 


100 

100 I 

97 

60 


Endogenous respiration 



40 

26 

0 


Growth 1 wk 


— 

— | 

— 

— 

— 

2 wks. 


— 

- 



+ 


Sodium fluonde 


Sulfur oxidation 


93 

10 

(12) 




Endogenous respiration 


37 

(37) 

27 



See text 

Growth 1 wk. 

— 

— 

— 

+ 

+ 1 

+ 


2 wks. 

- 

- 

- 

+ 

+ 

+ 



Sodium pyrophosphate 


Sulfur oxidation 


0 

0 




See text 

Endogenous respiration 


0 

— 





Growth 1 wk. 


— 

— 

+ 

+ 

+ 


2 wks. 


- 

- 

+ 

+ 

+ 


Sodium arsenite 

Sulfur oxidation 



n 

m 

■ 



Endogenous respiration 

Eg 


■3 

. 

i 



Growth 1 wk. 



9 



+ 


2 wks. 

El 


B 



+ 
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TABLE II — Continued 




19 

10-3 

10-3 



Remarks 

Urethane 

Sulfur oxidation 

Endogenous respiration 

Grow th 1 wh 

2 whs 

35 

0 

+ 

+ 

0 

+ 

+ 





jat m/1 


2-4-Dmitrophenol 


Sulfur oxidation 


100 

100 

100 

18 


Endogenous respiration 


100 

92 

71 

26 


Growth 1 wh 

9 


— 

— 

— 

+ 

2 whs 

II 


— 

— 

- 

+ 


Phlondzm 


Sulfur oxidation 
Endogenous respiration 
Growth 1 ah 
2 whs 


( 10 ) 




0 




+ 

+ 



+ 

+ 




Sodium malonate 


Sulfur oxidation 

0 

0 





0 at m/1 

Endogenous respiration 

0 

0 : 






Growth 1 wh 

— 

— 

+ 

+ 

+ j 

+ 

— 

2 whs | 

— 

— | 

+ 

+ 

+ | 

+ 



Indole 


Sulfur oxidation 


74 

B 

0 


m 


Endogenous respiration 


4S 

a 

0 


H 

| See text 

Growth 1 wh 



■ 

— 

— 



2 whs 

m 


a 

- 

— 

a 



Sulfur oxidation 
Endogenous respiration 
Growth 1 ah 
2 whs 


Sulfur oxidation 
Endogenous respiration 
Growth 1 wh 
2 whs 


Scmicarbazide 














9 

9 

i 

+ 



HI 


+ 

+ 




XH-OH (hj droxx lamme) 


(14) 

(13) 

(19) 




0 

0 

0 




— 

— 

+ 




- 

— 

+ 
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TABLE H—Condudtd 


Molarity of inhibitor (ftn*lcooc£Eti*tIoe) 

| itn 

| io-J 

| 10-* 

| 1(H 

| icn 

j icr* 

[ Remaiia 

NHj CO NHj (urea) 

Sulfur oxidation 

Endogenous respiration 

Growth 1 wk. 

2 wks. 

+ 

+ 

10 

0 

+ 

+ 

6 

0 

+ 

+ 




_jat u/1 


NHj — NHj (hydnmne) 


Sulfur oxidation 


(10) 

(18) 




Endogenous respiration 


40 





Growth 1 wk. 


— 

— 

— 

+ 

+ 

2 wks. 


- 

- 

~ j 

+ 

+ 


Hydroqmnone 


Sulfur oxidation 

Endogenous respiration 

Growth 1 wk. 

2 wks. 


95 

| 35 , 

28 

(17) ( 

4* 

+ 

+ 

+ 

+ 


K -phthalate 

Sulfur oxklatkm 



P 

H 




Endogenous respiration 



m 





Growth 1 wk. 





— 



2 wks. 



H 

II 

+ 




in the absence of added substrate) It occurred to us that the pbthalate 
inhibition might be related to its structural similarity to the di carboxylic 
acids (particularly succinic) This was actually found to be the case, u/40 
pbthalate inhibited succinate oxidation by a purified enzyme preparation 
30 per cent The stimulating effect of pyruvic, succinic, malic, and fumanc 
acids upon the endogenous respiration of the autotroph could be removed 
entirely by the addition of m/40 phthalate The inhibited rate of respiration 
m the presence of the organic acids was higher than the inhibited rate m their 
absence but not as high as the uninhibited respiration in the absence of 
organic acid 

While the effects of sodium azide upon sulfur oxidation are quite consistent, 
the action on the endogenous respiration is somewhat variable Frequently 
there is no effect (as reported by Vogler, 1942), sometimes there is an inhibi 
tion, just as frequently there may be a stimulation The averages of several 
experiments show ess entially no effect upon the endogenous respiration so 






100 


METABOLISM OF AUTOTROPHIC BACTERIA I 


that this result has been recorded m the table There seems to be an effect 
on both processes at higher concentrations (m/1) 

Sodium cyanide inhibits sulfur oxidation and endogenous respiration (these 
experiments were done with cyanide m the KOH of the center cup since at a 
pH of 4 6, HCN would tend to distill into the KOH, cf Krebs, 1935) Carbon 
monoxide (80 per cent m 20 per cent oxygen) inhibits sulfur oxidation 50 per 
cent (not recorded in Table I) This inhibition is completely reheved by hght 
and returns m the dark in the manner shown by Warburg (1927) to be char- 
acteristic of the iron respiratory systems 

Sodium lodoacetate inhibits sulfur oxidation more markedly than endog- 
enous respiration 


TABLE m 


Inhibition of Sulfur Oxidation by Dmitrophenol 


Concentration of dmitrophenol 

Inhibition of sulfur oxidation 

m/640,000 

(40)* 

m/320,000 

(47) 

m/160,000 

12 

m/100,000 

18 

m/SO, 000 

44 

m/40,000 

96 


* Values m parentheses indicate stimulation 


DISCUSSION 

Among the effects reported here several are of further mterest The deter- 
mination of the n values (“energy of activation”), while subject to considerable 
error yielded results comparable to those of heterotrophic respiratoiy systems 
and different from values which might be expected from the chemical reaction 
involving only the oxidation of sulfur The p0 2 had little effect upon the 
oxidation contrary to what would be expected if sulfur oxidation were a simple 
chemical reaction Certain inhibitors (azide, cyanide, and carbon monoxide) 
point to the participation of a system very much like cytochrome m the oxida- 
tion of sulfur It is of interest that Emoto (1933) reported the presence of 
ci tochrome m a closely related sulfur-oxidizing bacterium Cytochrome, how- 
e\ er, is knovi n to be an electron-transporting system, and oxygen is thought 
to enter the reaction only at the end of a relatively long senes of electron trans- 
fers While sulfur oxidation is undoubtedly a transfer of electrons it is diffi- 
cult to see where the ox} gen of the sulfate originates on this basis One could 
■visualize, and Bunker (1936) has pointed out, the process of sulfur oxidation 
as a hjdration of sulfur followed by the removal of an electron from the 
h\ drate to the cj tochrome sj stem In such a visualization, the oxygen that 
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is respired does not enter into the sulfate molecule at alL Rather the oxygen 
■which appears in the sulfate comes from water Proof or disproof of such a 
theory must await the application of isotopic techniques For example, if 
oxidation were to proceed m this manner m a solution containing water with 
heavy oxygen, the heavy oxygen should be found in the sulfate formed. 

conclusions 

The data of this paper indicate that 

1 The “energy of activation" (jj) of sulfur oxidation by the autotrophic 
bacterium, TfaobactUus Onooxidans , is similar to that of other respirations 

2 The pH of the menstruum does not influence the respiration on sulfur 
between the limits of pH 2 to 4.8 once contact between the bacterial cell 
and the sulfur particle has been established but it does influence the rate at 
which such contact occurs. 

3 The pOi has little effect upon the respiration of this organism. 

4 Most organic materials have no detectable effect upon the respiration of 
Thiobaalltis thiooxidons , but the organic acids of terminal respiration seem to 
stimulate the respiration m the absence of axidizable sulfur and certain of 
them inhibit sulfur oxidation. 

5 In so far as inhibitor studies on intact cells are trustworthy, sulfur oxida 
tion goes through iron con tarn mg systems similar to cytochrome. It is pos- 
sible that the oxygen contained in the sulfunc acid formed during sulfur oxida 
tion is derived from the oxygen of the water 
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acid was placed The whole system was equihbnated and when the CO2 was to be 
added, the vent was turned slightly which dislodged the sodium carbonate tube, 
allowing it to drop into the sulfuric acid and liberate its CO2 This insures the addi- 
tion of pure CO2 ( 2 ) The second method of CO2 addition is as follows The gas 
vents of the Dixon-Keihn flasks were connected with pressure tubing to a gas reservoir 
containing pure CO2 The CO2 was flushed through the vents until the system could 
be considered to contain pure CO2 The vents were then plugged into the side arms 
This means of filling the vents did not always yield pure CO2 but blanks could be used 
to determine the actual amount of CO; added to each flask Pure CO2 could be in- 
sured, howev er, by evacuating the vents after they were plugged in the side arms and 
refilling with pure CO2 Several evacuations and refilhngs are necessary The CO2 
is kept at a constant pressure in the reservoir (slightly higher than atmospheric 
pressure) b\ means of a water column and trap Pressure tubing is used throughout 
to prevent the escape of CO2 through the rubber and to permit evacuation of the 
\ents When CO2 is to be added the vents are opened to the inside of the flask so 
that the CO; enters 

The amount of CO2 added to the flasks by either method is easily calculated since 
during the short time the CO2 remains in the side arm no appreciable quantity dis- 
sohes in the solutions of the flask or is taken up by the organism The amount 
of CO2 added (a) is calculated from the equation 

(1) a = Vo ~~ rr (Symbols those of Dixon (1934)) 

I Fa 

in which h a is the increase in pressure read on the manometer immediately after the 
addition of CO2 After the allotted time has expired the sulfuric solution containing 
the inhibitor (which is used in both methods) is tipped into the flask from the side 
arm This stops further cell activities and also releases any possible bound CO2 
After this addition it is necessary to allow a little time for equilibration since the 
addition of sulfuric acid results in the formation of some heat (heat of dilution) and a 
slight contraction of the mixture (which is \cry close to the contraction observed 
when sulfunc acid is mixed with water) When equilibrium has been reached, the 
KOH is added to the center cup bj turning the bottom stopcock of the Dixon-Keihn 
flask The resultant change in pressure (Jit) is read on the manometer after all the 
CO: from the gas phase has been absorbed (which takes about an hour) and enables 
one to calculate the CO: remaining in the atmosphere of the flask ( b ) since 


( 2 ) 


b => Vo 


273 hb 
~T P 0 


The difference a — b is the amount of CO: which has disappeared from the gas 
phace The portion of this \ hich has dissolved m the medium does not enter into 
the reading It It will, of course, cventuallv distill over into the KOH but the 
pressure change is caused onl\ bv the CO: absorbed from the gas phase 

The amount of oxvgen taken up can be determined bj comparing the reading just 
before CO; was added and afte' the CO; has been removed This value is corrected 
for the contraction which occurs on mixing the sulfunc aad with water and which 
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Is measured In the blank flask. This gives a measure of the oxygen uptake which 
is Independent of the COj measurement It has the limitation however, that only 
the initial and end values of oxygen uptake are determined Intermediate points 
may be obtained by the use of a senes of replicate flasks stopped at different intervals. 

The mam problem Is then to discriminate between the COj dissolved m the medium 
and that taken up by the cells. This was accomplished by running blank samples 
containing killed cells. Several methods of obtaining blank samples (as closely alike 
in composition to the living cell suspensions as possible) were employed. The pnn 
apal methods employed were (1) heating of the suspension followed by cooling and 
shaking in air to equilibriate to atmospheric pCOi or (2) additions of HgC3 s (0 1 
per cent) or iod ©acetate (0 001 per cent) m sulfunc aad The addition of these 
materials (or the heat treatment) removes the COi uptake due to living cells and leaves 
only that which dissolves in the medium or the cell substance. The observed CO* 
uptake under these conditions is quantitatively the same with all methods of killing 
(or in the entire absence of cells) and hence is only due to CO* solubility This 
amount of dissolved COi could be correlated with calculations baaed on the determined 
a value and the concentrations of COj in the atmosphere. 

This type of calculation can be made a3 follows If a represents the number of 
milliliters of the gas dissolved m 1 mb of the solution at a pressure of 1 atm. the 
amount of COj dissolved at l/n atmospheres will be 1 /n a (Henry s law) At the 
point of equilibrium, the amount of CO* dissolved in the solutions is equal to the 
amount soluble at the partial pressure of CO* in the atmosphere at that point or if a 
is the amount of COj added and * is the amount dissolved, it can be easily shown that 


( 3 ) 


x 


aVr 

ro + 'xV, a 


The a values for each medium can be determined with this formula from the blank 
containing killed cell* The volume of CO* dissolved m the fluid can thus be readily 
calculated f on the exact experimental conditions employed and the COj fixed by the 
cells can be determined by correcting the total CO* uptake observed by the amounts 
of CO* dissolved. 

From the same blank the concentration of CO* in the laboratory atmosphere may 
be determined from the difference between the reading before the CO* was added and 
the reading after all the COj had been absorbed by K.OIL The COj concentration 
m the laboratory air vaned from 0 04 to 0 07 per cent (corresponding to from 4 to 21 
fA. CO a per flask) This is constantly recovered m blanks and is indicative of the 
accuracy of the method 

In calculating the amounts of CO* dissolved in the medium during Ike course of an 
experiment from the amounts of COj present in the atmosphere of a flask at a given 
interval equation (3) is slightly modified to 


( 4 ) 


Vo + aVr 

1 ZvT* 


Vo + aVr 
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in which a i represents the amounts of CO* left in the atmosphere of the flash at time /, 
as calculated from the total amount present at the initial pomt less the total uptake 
plus the oxygen uptake over the time t See Table IT for such a calculation 

The addition of the necessary amounts of gases sometimes extends the pressure 
changes bey ond those measurable directly on the manometer A method to extend 
the manometer range is therefore useful None seems to have been described m the 
literature Such a method, however, is easily derived from the equality of 

(5) TP = RT or T 7 iPi = V«Po at constant T 

When the volume of gas Vo is increased x by changing the level of the manometer 
fluid in the closed arm over a height of e cm , the corresponding pressure Po will be 
decreased by y so that 

(6) {V a + x)(Po — y) = VgPo or V ay ■= x(Po — y) 

Similarly, if the fluid in the closed arm be lowered / centimeters the corresponding 
volume change (c) will cause a decrease y" so that 

(7) VoS = -(Po - y0 
Thus 


( 8 ) 


x{Pg — y) c{Po — y) 
z(Po- y) " /(Po-yO 


since x « r-c and z ■=■ r 2 / 

where r is radius of capillary 7 tube of the manometer But since Po is large (10,000 
mm of Brodie’s solution) and y or y' are small, an accuracy of 1 per cent is possible 
if y and y' are not greater than 100 mm (10 cm ) by considering Po — y = Po — /, 
from which 


(9) y/y' - l/f 
But 

( 10 ) y =• / - w 

where w is the difference between the readings in the open arm of the manometer at e 
and at / or, therefore, 


If / be chosen to equal 2 e, then y ■= w 

COz Uptake -in the Absence of Sulfur 

Carbon dioxide uptake during the oxidation of sulfur is an exceedingly com- 
plex phenomenon so that it is perhaps better to begin v ith the C0 2 uptake by 
cells m the absence of sulfur This was not expected inasmuch as the litera- 
ture implies that CO : uptake is limited to the period of sulfur oxidation In 
fact, so rigidly has CO; uptake been associated with growth of Thiobacittus 
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tinooxidans that, at least from evidence available until now, its uptake might 
be “growth bound ” It is evident from the following sections in which COj 
uptake is observed in resting cells, that the COi fixation reaction is not "growth 
bound" but can occur m the absence of growth COj uptake m the absence of 
sulfur was further surprising m that Vogler (1942) had shown that a char 
actenstic of endogenous respiration was the production of CO* This phe- 
nomenon (COi liberation during endogenous respiration) was observed in 
suspensions from 14 day old cultures In suspensions obtained from young 
cultures (about 7 days old), the endogenous oxygen uptake was much lower 
and COi was often not liberated. Instead, these suspensions were capable of 
taking up small but definite amounts of COj from the atmosphere. After 
COj had been taken up to saturation the suspensions again formed COj during 
endogenous respiration. After some study it became apparent that we were 
dealing with two types of suspensions with properties about as follows 

‘Young suspensions — harvested 6-8 days after inoculation 
Endogenous respiration low Qo,(N) - 4-10 
Sulfur oxidation high Qo,(N) - 2-3000 

COj taken up during early stages of endogenous respiration. 

‘Old suspensions ’ — harvested after 12-14 days 
Endogenous respiration high Qo,(N) — 20-40 
Sulfur oxidation low Qo,(N) — 2-400 

COj released during endogenous respiration 

Suspensions of either type may be held for several weeks at refrigerator tern 
peratures but during this time they show some loss in activity The “young" 
type of suspension may be converted into the older type by other means than 
aging, xjt , any method which causes the release of Its energy stores The old 
type of suspension may be converted into the young type by allowing it to 
oxidize sulfur for a short while. Only the young type of cell shows COj fbca 
tion in the absence of sulfur 

The data contained in Table I show COj fixation by young suspensions har 
vested after 7 days This COj fixation is observed m the absence of sulfur 
Considering first the blank containing cells killed with HgCh (flask 1), 680 pi 
of COj were added at zero time Of this amount, 52 pi dissolved in the solu 
tion At the end of IS hours the addition of KOH absorbed 656 pi This 
amount plus the 52 pL dissolved yields 708 pL which is a recovery of the COj 
added plus the COj which was present m the air at the start of the experiment 
This amount of COj ongmally present in the atmosphere of the fla sk is thus 
calculated as 70S — 680 =■ 28 pL which corresponds to a concentration of COj 
in the atmosphere of 0.06 per cent (about that usually found in the laboratory 
air) From this value the amount of COi present in the other flasks may be 
calculated (Table I, column 2) Under these circumstances there was, of 
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course, a small amount of CO 2 dissolved m the solution at the start of the 
experiment, but this amount was very small and does not exceed 4 /A so that 
it can be neglected In the case of flasks Nos 4 and 5, containing living cells, 
573 and 654 /zl of CO 2 were added respectively At the end of 15 hours of 
respiration the addition of KOH caused an almost negligible absorption (No 
4 = 27 /ul , No 5 = 29 /ul ) indicating that the CO 2 added had somehow dis- 
appeared The orgamsms did not convert the CO 2 to bicarbonate (“bound” 
CO 2 ) smce the addition of acid with the inhibitor from the side arm, to stop the 
activities of the cells before KOH was added, did not hberate any gas Nor 
can solution in the medium account for the CO 2 removed since this uptake 

TABLE I 


The Uptake of CO 2 and Oxygen by Resting Cells of Thiobacillus thiooxidans in the Absence 

of Sulfur 




COj id flasks 

Total uptake COj + Oj 

Residual 
cm at IS 

Total 

COj 

taken 

up 

Or 

COj 


Flask contents 

Added 
at zero 
hr 

From 

Time in mb 

Hrs 

hrs 

absorbed 

taken 

up 

re 

cover 

ed 



phere 

10 

20 

□ 

□ 

H 

iso 

15 

In KOH 

15 hrs 




pi 


pi 

pl 

p1 

pi 

pi 

pi 

Pi 

pi 

fer 

cent 

atm 

Pi 

pi 

pi 

1 

Blank, HgCh 

6S0 

28 

49 

51 

52 

51 

52 

52 

51 

656 

2 7 

52 


708 


killed cells 















2 

2000 micrograms 

0 

25 

m 

2 

m 

18 

36 

54 

123 

24 

Bias 

— 

123 

24 


bacterial mtro- 















3 

gen 

As 2 

0 

26 

1 

2 

I 

18 

37 

55 

139 

26 




139 

26 

4 

As 2 

573 

34 

129 

214 

360 

439 

548 

607 


27 


569 

126 

596 

5 

As 2 

654 

23 

174 

283 

445 

527 

609 

645 

771 

29 


647 

124 

676 



(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 


(ii) 

(12) 

(13) 

(14) 


would ha\ e stopped at a level where an equilibrium between the amounts of 
CO 2 in the gas phase and the liquid phase was reached In the case of cells 
treated m exactly the same way except killed with HgCb (flask No 1) this 
solubility amounted to only 52 /il The data leave no doubt, therefore, that 
the CO ; was actually fixed by the organisms since virtually all of the CO 2 
disappeared from the atmosphere The final amounts of C0 2 m the gas phase 
were found to be practically the same m all flasks, corresponding to a value 
close to the per cent of CO» in the laboratory air 

From the data of Table I, one can calculate the amount of CO 2 actually 
fixed at each interval measured, by correcting the total uptake observed in 
flasks 4 and 5 by the ox> gen uptake observed in flasks 2 and 3 and for the CO 2 
dissolved in the medium This value can be calculated from the a value 
determined m flask 1 and the pCO: at each point These values are given in 
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Table H which illustrates the method of calculation and the results are plotted 
in Fig 1 which is more convenient for discussion 


TABLE H 

Cckidahcns from Pm Data of TabU I 

For flask 5 only 


Time, min. 

10 

20 

40 

60 1 

120 

180 

15 hi*. 

Total uptake observed pi 

174 

283 

445 

527 

609 

615 

771 

Oxygen uptake, pi 

1 

2 

6 

18 

36 

54 

124 

COi uptake pi 

173 

281 

439 

509 

573 

592 

617 

COj left in atmosphere, pi 

481 

373 

215 

145 

81 

61 

30 

COj dissolved, pi 

52 

40 

23 

16 

9 

7 

3 

COj fixed by cell*, pi 

121 

241 

416 

493 

564 

585 

633 

COj fixed per 10 mm over interval pi 

186* 

160 

88 

38 

12 

3 

0 5 


* The time dunng which COj taken up in the first Interval was but 6,5 minutes In- 
stead of 10 The lost 3.5 minutes represents the period over which COj was added to the 
flask. 


mi C0 X 



Fio 1 COi fixation by resting cells of TkiobactUus Puoondans in the absence of 
sulfur 


In Fig 1, the fixation of COj by the cells appears from the curve “COj fixed ” 
It begins at a rapid rate which gradually decreases. During the first hour 
78 per cent of all the COj which was to be taken up by the cells had been fixed. 
The character of the COj fixation Ls better studied from the line representing 
the rate of COj fixation (in milliliters per 10 minutes over the interval re- 
corded) If this curve is compared with the curve representing the amounts 
of COj present m the flask at these intervals (which is proportional to the 
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partial pressure of CO;), it is apparent that they are almost parallel This 
could be taken as evidence that the rate of CO; fixation is a function of the 
pCO; But if CO; fixation is a function of p CO;, the nature of the fixation 
reaction is more clearly defined It could be explained either by assuming 
that the CO; fixed is dissolved m the living cells (but not by the dead cells) m 
a manner expressed by the simple form of the Langmuir adsorption isotherm 

q = where q is the amount of gas dissolved under a partial pressure 

P and a and b are constants, or by assuming that the fixation of CO; is a re- 
versible enzymatic reation If CO 2 fixation be considered readily reversible 
and dependent upon pCO;, it probably requires little energy 

Several experiments yielding entirely similar results to the one reported 
have been done, particularly in the study of the question of how much CO 2 
could be taken up by cells under these conditions This amount varies with 
the physiological condition of the culture but the maximum amount of C0 2 
that can be taken up by cells in the absence of sulfur was found to be about 
40 pi per 100 micrograms of bacterial nitrogen in suspensions which had 
ecently been oxidizing sulfur In the case of the experiment described m 
able I, therefore, the maximum amount of CO» that could have been synthe- 
sized v ould be S00 pi , so that the 600-700 pi added were less than the amount 
the cells could take up This raises another problem The suspension used 
in this experiment had been freshly harvested during which time it was exposed 
to CO 2 in the atmosphere It could, therefore, take up CO 2 from its environ- 
ment On the other hand, the amount of CO 2 that can be taken up by such 
suspensions is limited Why, then, are these suspensions able to take up more 
CO 2 when placed m Dixon-Keilm flasks? 

It appears that the explanation may be found m the partial pressure of C0 2 
in the atmosphere It will be noted that the amount of C0 2 m the flasks at 
the end of their CO 2 uptake period was shghtly higher than that of the labora- 
tory air After the partial pressure of C0 2 had been increased by the artificial 
addition of CO 2 , this extra C0 2 was taken up by the cells until they had reached 
approximately the same equilibrium with respect to pCOj which had existed 
previously The amounts of CO 2 added were not sufficient to saturate the 
organisms, if they had been, only a definite and constant amount of C0 2 would 
have been taken up It therefore seems probable that within the limits repre- 
sented by no CO 2 and saturation, the CO 2 is taken up by a reaction which 
reaches the equilibrium with the pCO; of the environment in which the cells 


have been grown 

One further point of interest m the data of Table I, is the absence of ap- 
preciable CO; liberation during the respiration in flasks 2 and 3 The amount 
of CO; recovered from the atmosphere at the end of the respiration was very 
close to that originally present in the laboratory air, hence the oxygen uptakes 
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recorded are actually oxygen uptakes in spite of the fact that no KOH was 
present during this period 

CCh Fixation under Anaerobic Conditions 

Since COi fixation is not limited to the time during sulfur oxidation, but 
occurs In the absence of oxidizable sulfur, it ■was of interest to determine whether 
COi fixation would occur m the absence of oxygen. Data upon this problem 
are recorded in Table HL Here the same suspension was employed as in the 
experiment recorded m Table L In flasks 3 and 4 a suspension of sulfur was 
placed m the side arm. The flasks were flushed with hydrogen until no oxygen 
was available equilibrated, and the sulfur was added under hydrogen (so that 
no oxidation could occur) Known quantities of CO* were supplied, allowed 


TABLE m 

COj U plait in Absence of Oxyien 
200 miao g r i m bacterial N per flask 


\ 

Fluk* 

3 mL fmpmrioo 

COnpUb 

Under Hi 

1 

Oi uptake 
ortri hn 

| 

Under Hi 



* 

nl 

M- 

1 

Endogenous 

75 

4 

0 

2 

Endogenous 

71 

4 

1 

3 

4- sulfur 

70 

600 

61 

4 

+ sulfur 

74 

600 

56 


The oxygen uptake* recorded are estimates based on values for endogenous respiration 
and S nyidsti frn observed Tilth the same suspension- 


to act for 2 hours, and then reabsorbed The COi actually fixed m the cells 
is essentially the same in the presence or absence of sulfur and can occur in 
the absence of oxvgen. «. 

After the residual COi was absorbed, the flasks were flushed with COrfree 
air After the oxygen uptake had continued for 2 hours the atmosphere was 
once more replaced with hydrogen and again the amount of COj that could be 
fixed was determined No attempt was made to measure the Oj uptake during 
the 2 hour interval in which the gases were changed since the time necessary 
to change the atmosphere makes such measurements inaccurate. Instead, 
the values in Table III for oxygen uptake are based upon the values observed 
in other of the same suspension, and hence only approximate the actual 
oxygen uptake during this interval. The actual oxygen uptake in the flaska 
was probably much less 

After the 2 hour respiration period, the flasks containing no sulfur did not 
regenerate the ability to take up CCfe anaerobically, but the very small amount 
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of O2 uptake makes it impossible to be certam of this point However, sus- 
pensions saturated with CO; m other instances were found to have lost the 
faculty of fixing any more CO2 even after days of endogenous O2 uptake so 
that it seems probable that endogenous respiration cannot regenerate the 
ability to fix CO2 Indeed, such suspensions exhibit CO2 liberation during the 
process of endogenous O2 uptake, indicating a true endogenous breakdown of 
organic compounds 

Sulfur oxidation in flasks 3 and 4 , however, restored the ability of the sus- 
pension to fix CO2, at least partially It may be noted that under the experi- 
mental conditions probably not more than half the cells were actually attached 
to the sulfur particles These experiments have been repeated several times 
From them one can only conclude that it is possible to oxidize sulfur m the 
absence of CO2 and to store up the energy within the cell where it can later be used 
for CO2 fixation under conditions during which sulfur oxidation is impossible 

In the data contained here, hydrogen was used as an “inert” gas Hydrogen 
was m no case taken up during CO2 fixation and thus could not have been 
active m any reaction The CO2 uptake under hydrogen was found to be the 
same as under mtrogen The reduction of CO2 by hydrogen which has been 
observed in other organisms thus does not seem to be important m Thiobacillus 
thiooxidans Hydrogen was used more frequently than mtrogen in these 
experiments merely because we had a convenient source available, but the 
results were the same m pure mtrogen 

COo As an Oxidizing Agent 

In a previous paper (Vogler et al , 1942 ) evidence was given which indicates 
that the oxygen contained in the sulfate formed during sulfur oxidation might 
arise from the water in the medium rather than from the oxygen of the air 
It therefore became of some interest to determine whether the C 0 2 might not 
also act as an oxidizing agent The CO 2 uptake during sulfur oxidation is a 
continuous process necessary for the supply of carbon to the cell In this 
case the CO2 uptake must be accounted for, either m terms of an increased level 
of cell oxidation or m the excretion of oxidized products If one assumes that 
the overall oxidation level of the cell is about that of carbohydrate ( 0 ) and 
that the C 0 2 is converted into cell material, it follows that for one molecule 
of CO2 there will become available one molecule of O2 If, then, sulfur oxida- 
tion be measured in the presence of CO : , and if a molecule of oxygen 
be “liberated” for each CO : the Q 0 .(N) should decrease while the total uptake 
of O2 + CO2 should be relatn ely constant 

Data w hich show this actually to be the case are given m Table IV During 
oxidation of sulfur the Q 0 .(N) is decreased by the presence of CO; (compare 
Q 0 (X) of flasks 1 and 2 (no CO;) with flasks 3-8 (with CO;)), yet the sum of 
q 0> Qco* is about constant (column 3 ) This indicates that for each mole- 
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cule of CO* filed, one less molecule of oxygen was taken up from the gas phase 
during sulfur oxidation 

It could not be determined whether the 0* (which is thus apparently derived 
from COd web set free into the medium or whether it was used directly m sulfur 
oxidation without such release Since, however, during endogenous respira 
tion we can find no O* liberated during CO* fixation and since under hydrogen 
or nitrogen no 0* is formed in the presence or absence of sulfur, it may be as- 
sumed that the actual liberation of 0* into the medium or the gas phase does 
not occur 


TABLE IV 

CO* As Oxidising A[tnt in Sulfur Oxidation 


Flttki 

<5o, 

Oco, 

c U + Q c 0 . 

Hn« 

1 

1580 

0 

1580 

ktt 

2 

2 

1600 

0 

1600 

2 

3 

1020 

710 

1730 

2 

4 

1490 

283 

1773 

1 

5 

1270 

320 

1590 

2 

6 

1140 

540 

1680 

2 

7 

1220 

420 

1640 

2 

8 

1100 

570 

1670 

2 


FUsk* 1 and 2 had no CO* added to the atmosphere, Flask* 1 3 and 4 contained freshly 
harvested sna pension. Flask* 2 5 6, 7 and 8 contained the same suspension aerated foe 
12 hoar*. 


CO* Uptake dunng Sulfur Oxidation 

The course of CO* fixation during sulfur oxidation is exceedingly complex. 
The previous sections have shown that the CO* may be fixed by the cells with 
out sulfur, that, in the absence of oxygen, the sulfur does not aid CO* uptake, 
and that the presence of CO* may cause a lowering of the oxygen uptake 
Yet the anaerobic experiments have shown that the energy of sulfur oxida 
tion may be stored in the cell for a time, and used at a later time to fix CO* 
Thus the presence of CO* in the atmosphere results m CO* fixation which would 
deplete this stored energy supply One might expect, therefore, that CO* 
would accelerate the overall rate of sulfur oxidation. 

These changes are not always apparent m a single determination since they 
tend to compensate for one another That they do occur, however, is ap- 
parent from the data plotted in Fig 2 The points on these curves were ob- 
tained with a 10 mL fresh bacterial suspension containing 200 micrograms 
bacterial nitrogen The same suspension was used in parallel flasks for the 
determination of the other points recorded. The total uptake observed during 
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sulfur oxidation (which is due to both CO 2 and 0 2 uptake) is plotted m curve 1 
The oxygen uptake m the absence of CO 2 was obtained from a parallel senes 
of flasks containing KOH (curve 2 ) The C0 2 uptake at intervals in a parallel 
senes of flasks (curve 3) was obtained by the methods described previously 
It has been corrected for CO 2 solubility and represents only C0 2 fixation The 
C0 2 uptake by this suspension shows a rapid onset which, after about half an 
hour settles to an even rate of C0 2 fixation This is the result of two processes 
( 1 ) the endogenous C0 2 fixation (which has been drawn on the basis of the 



Fig 2 The course of CO 2 fixation dunng sulfur oxidation by ThiobacilUis Ihio- 
oxidans See text 

value determined at 2 hours and the data of Fig 1 (shown m Fig 2 as curve 4)) , 
and ( 2 ) the C0 2 fixation due to sulfur oxidation (which has been drawn m as 
cun e 5 by subtracting cune 4 from curve 3 ) From the observed CO 2 uptake 
(cune 3 ) and the rate of 0 2 uptake m parallel flasks without CO 2 (curve 2 ) 
the total uptake of C0 2 and O 2 which should be observed m the flask containing 
CO 2 can be calculated (cune 6 ) Comparison of this cune (No 6 ) with the 
cune representing the actually obsened uptake (No 1) shows that during 
the first hour the obsen ed uptake exceeds the calculated total uptake, which 
mdicates a marked stimulation of sulfur oxidation by the presence of C0 2 
Dunng the second hour the situation is reversed which mdicates a depression 
m the oxygen taken out of the gas phase by the presence of CO 2 This prob- 
ably means a utilization of the oxygen of CO 2 for sulfur oxidation 



K. O VOGLEE. 


U5 


One may therefore conclude that in the early periods of sulfur oxidation the 
COj is not utilized as an oxidizing agent but stimulates the rate of sulfur oxida- 
tion After saturation of the endogenous capacity of COi fixation, the 
oxidmng character of CQ*» resulting in a lower O* uptake, obscures this stimu 
lating effect. 


Inhibition of C0% Fixation 

Four inhibitors were tested at concentrations which inhibit sulfur oxidation 
(Vogler et al , 1942) to determine their effect on COi fixation 
The procedure consisted of a determination of the Qo,(N) on sulfur of a 
dilute suspension containing 20 microgmms bacterial nitrogen per ml This 
was determined over a period of 1 hour The inhibitor was then added from 
the side arm to reach a final concentration indicated in Table V The m 
bibited rate of sulfur oxidation was measured COj was then added. The 


TABLE V 

Inhibition ej COj Fixation 


Inhibitor 

; InWUliow 

Of HptBfct 

COj npuie 


frr c**l 

f*r cnl 

Na axide u/100 

too 

0 

Na RTBcnite u/100 

90 

0 

Na lodoacetate u/10 000 

10 1 

100 

Na pyruvate u/150 

100 | 

100 


extra uptake observed in the presence of the CO*, less the oxygen taken up m 
parallel flasks containing no COj was taken as a rough measure of the COj fixed. 

As appears from Table V, the inhibition of sulfur oxidation by pyruvate and 
sodium lodoacetate inhibits CO* uptake completely The inhibition by iodo- 
acetate m this case is more extensive on CO* fixation than on sulfur on da tf on 
Sodium azide and sodium araenite which inhibit sulfur oxidation did not inhibit 
COi uptake However, the CO* uptake under these conditions must be con- 
sidered as equivalent to the endogenous CO* fixation Inhibition of sulfur 
oxidation must in any case eventually inhibit CO* fixation when the energy 
supplies of the cells have been depleted and the only energy for CO* fixation is 
that coming directly from sulfur oxidation. 

Effects similar to that of pyruvate seem to be exerted on sulfur oxidation 
by lactic, succinic, and fumanc adds. Citnc acid occasionally has a similar 
but smaller effect malic add has little or no influence The apparent influence 
of these organic adds on sulfur oxidation (which has not been found with any 
other organic substrate) serves as an indication that they are somehow involved 





116 


metabolism: of autotrophic bacteria n 


in the processes of sulfur oxidation and CO; fixation Further work is m 
progress on these materials The indication is the more mterestmg since CO; 
fixation in heterotrophic organisms is known to be related to the action of 
some of these same compounds 


DISCUSSION 

The studies described in the previous pages have defined, to some extent, the 
character of the CO; fixation process in the autotrophic bacterium Of con- 
siderable interest is the demonstration that it is possible to oxidize the sulfur 
m the absence of CO; and to store the energy thus obtained within the cell 
where it can later be used for CO; fixation under conditions which do not permit 
sulfur oxidation It is thus possible to separate the process of energy absorp- 
tion (sulfur oxidation) from energy release (CO; fixation) and to study each 
independently 

The chemosynthetic process has been thought to be related to the photo- 
synthetic process The data obtained with the autotroph should now enable 
one to make some estimate of the extent of this relationship However, ac- 
cording to the concepts developed by students of photosynthesis, the energy 
obtained from light is directly transmitted from the activated chlorophyll to 
an intermediate in the conversion of CO; to carbohydrate These concepts 
lea\ e no room for the storage of radiant energy within the cell in some form 
that can later be released for CO; fixation Upon this basis, therefore, the 
chemosynthetic and photosynthetic processes are distinctly different in that 
m the former such a storage of energy occurs while m the latter no such storage 
is possible On the other hand, there seem to be no experiments which have 
direct^ tested this hypothesis m photosynthesis, apparently the very direct 
connection between light energy and CO; fixation has almost alw'ays been 
gratuitously assumed The available data on photosynthesis are not sufficient 
to exclude the possibility that the CO; fixation process m the autotrophic bac- 
teria is directly related Therefore the data obtamed with the autotrophic 
bacteria raise the definite question whose answ er does not appear to be already 
available and whose study may open new paths towards an understanding of 
photosynthesis, namely, is it possible to irradiate photosynthetic organisms m the 
absence of CO ; and to store at least a portion of the radiant energy within the cell 
m a form uhich can later be used for COi fixation in the dark? 

summary 

In a stud\ of chemosynthesis (the fixation of CO; by autotrophic bacteria 
m the dark) m 77 wbacillus tlnooxidans, the data obtamed support the following 
conclusions 

1 CO- can be fixed b} “resting cells” of Thiobacillus tlnooxidans, the fixation 
is not “growth bound ” 
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2. The physiological condition of the cell is of considerable importance in 
determining CO* fixation. 

3 COi fixation can occur in the absence of ondizable sulfur, m “young” 
cells The extent of tins fixation appears to be dependent upon the pCOj 

4 COj fixation can also occur under anaerobic conditions and the presence 
of sulfur does not influence such fixation. 

5 However, in the COa fixation by cells in the absence of sulfur, only a 
limited amount of COa can be fixed. This amount is approximately 40 jub 
COj per 100 micrograms bactenal nitrogen. After a culture has utilized this 
amount of CO 3 it no longer has the ability to fix COi but releases it during 
its respiration 

6 Relatively short periods of sulfur oxidation can restore the ability of 
cells to fix CCh under conditions where sulfur oxidation is prevented. 

7 It is possible to oxidize sulfur m the absence of COa and to store the 
energy thus formed within the cell It is then possible to use this energy at a 
later time for the fixation of COj m the entire absence of sulfur oxidation 

8 Cultures of Thiobadllus Ifnooxiduns respiring on sulfur utilize COj in a 
reaction which proceeds to a zero concentration of COj m the atmosphere. 

9 COi may act as an oxidizing agent for sulfur 

10 Hydrogen is not utilized by the organism 

11 It is possible to selectively inhibit sulfur oxidation and COj fixation, 

BIBLIOGRAPHY 

1 Dixon M., Manometnc methods, London, Cambridge University Press, 1934. 

2 Vogler K. G , The presence of an endogenous respiration in autotrophic bacteria 

J Gen Pkynol 1942,25,617 

3 Vogler, K. G LePage A L., and Umbreit W W , Studies on the metabolism 

of autotrophic bacteria. I The respiration of TfoobociUus tfnoexvians on 
sulfur, / Gen Pkynol 1942, 26, 89 




FURTHER CHEMICAL STUDIES ON BLOOD-AQUEOUS HUMOR 
DYNAMICS 

By V EVERETT KINSEY and W MORTON GRANT 
(From the Have Laboratory of Ophthalmology Banard Medical School, Boston) 
(Received for publication, June 20 1942) 

INTRODUCTION 

Through the use of heavy water as a tracer for ordinary water, and the 
radioactive isotopes of sodium (Na“), chloride (Cl 11 ), and phosphorus (P*), 
the rate of accumulation of these substances in the anterior chamber of rabbit 
eyes after injection mto the peritoneal cavity has been measured and reported 
previously (1, 2) In these earlier studies it was shown that water m the 
blood stream enters the anterior chamber at a rate equal to approximately 
50 c. mm per minute, whereas, the rate of accumulation 1 of sodium and chloride 
m the antenor chamber was such as to indicate an apparent rate of entry from 
the blood equivalent to 4.5 c. mm. per minute of whole aqueous humor (The 
analogous rate for phosphorus was considerably less, but could not be deter 1 
mined exactly ) It appeared from these results that the rate of water move- 
ment mto the antenor chamber is independent of the rate of movement of the 
electrolytes, t e. the aqueous humor is not formed as a whole, but represents a 
summation of a senes of separate equilibria 

The present studies have several objectives first, to determine the rate of 
accumulation of various other substances in the antenor chamber from the 
blood, secondly, to establish where possible, the rate of transfer of the materials 
tested from the blood to the antenor chamber, and third, to determine which 
mathematical concept (ultrafiltration or secretion) of blood aqueous fluid 
dynamics the experimental findings fit best. 

The first part of this report (the present paper) will be limited to the experi 
mental work, while the second part (the following paper), will consist of an 
analysis of the experimental data based on a mathematical representation of 
several possible mechanisms of blood-aqueous dynamics. 

The rate of accumulation following introduction mto the blood, of the fol 
lowing substances has been investigated SCN, Br, Li, PO<, urea, levulose. 
Mg, and Fe 

Asher (3) found an increase in the total halogen content of the a n te r ior 
chamber of a patient treated with bromides and inferred that the blood -aqueous 

1 The use of this term is made necessary from the fact that the rate of transfer of a 
material into the anterior chamber may or ma> not correspond to its rate of accumu 
lation. It was only the latter which was measured in the sodium and chloride studies 
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barrier was permeable to bromides Lipschitz (4) found an equilibrium ratio 
of aqueous humor to blood bromide of about 1 08 when sodium bromide was 
administered orally to rabbits 

Walker (5) records that the inorganic phosphate content of the aqueous 
averaged 37 per cent of that of the serum He used fowls, rabbits, dogs, and 
cats Tron (6) found the inorganic phosphate of ox eyes to be 60 per cent of 
the plasma Duke-Elder (7) reported that the aqueous con tamed 110 per cent 
of the phosphate found m the blood serum of horses 

The ratio of urea in the aqueous to that m the blood has been reported to be 
about 1 0 by Duke-Elder (7), 0 68 by Walker (5), 0 75 by Adler (8), and 0 90 
by Benham (9) Moore et a! (10), usmg cats, mjected urea into the blood and 
found that the concentration m the anterior chamber increased slowly, re- 
quiring about 6 to 9 hours before the concentration of urea m the aqueous 
reached that of the plasma Robertson (11, 12) has mjected 25 per cent urea 
intravenously mto cats in combination with 50 per cent glucose and 5 per cent 
creatinine He found that, starting from an initial ratio of urea in the anterior 
chamber to that in the blood of 76 per cent (2 animals), the new final equihb- 
num ratio was approximately 35 per cent as seen from his chart or slightly 
more, approximately 45 per cent as calculated from his table which shows a 
typical experiment 

The ratio of Mg in the anterior chamber, compared with the blood was found 
to be 0 64 by Tron (6), 0 91 by Duke-Elder (7), and 0 95 by Stary and Wrnter- 
rutz (13) Incidentally, the latter authors observed that only 82 per cent of 
the serum Mg was ultrafilterable 


Methods 

Unanesthetized rabbits (large majontj 2 to 3 kg albinos) were used for aU of the 
experiments Most of the test substances were administered by one intrapentoneal 
injection Exceptions to this were levulose and urea in which instances it was desired 
to keep the concentration in the blood as nearh constant as possible Tor these ex- 
periments an intrax enous injection was followed immediately b> one given intra- 
nentoneallx The latter procedure had to be repeated for the levulose experiments 
at about 20 minute internals, the dose being adjusted to keep the level in the blood 

^ThcsubstoioBMed, the approximate amounts, and the method of introduction 
cmplo\ ed for all of the test agents are tabulated on page 121 

III blood samples were withdrawn bx cardiac puncture and all aqueous samples 
were remoxed under local anesthesia (2% pontocame) bj means of calibrated m.cro- 
s\ nnces Pnraan aqueous onl\ was used in all of the experiments 

In order to determine whether some of the test materials are present m phsma in a 
non-diffu^iblc state : e bound, most of these materials were ultrafiltercd through 
cellophane Plasma containing a known concentrat.on of the substance w as placed 
in an apparatus consisting of tx o small chambers separated bx a cellophane mem- 
brane which was supported bx a perforated brass screen Air pressures up 
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vi* 

CocC*ntx»tJoc of Injected 
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body ! 
wrijtt 



ml 

fttrtH* 

SCN as NaSCN 

IntrBperitooeaUy 

10 

i 

Br as NaBr 

Intraperitoneally 

15 

3 

Lias Lid 

Intrapentoneallj 

20 

3 

PO 4 as pboaphate buffer pH 7.0 

Intrapentoneaffy 

10 

3 

Urea 

( Intravenously 

1 

20 

\ In traperfto neally 

2 5 

8 

Levulose 

f Intravenously 
\ln traperl toueaBy 

1 

20 

10 

5 (repeated in some) 

Mg as MgCb 

In trapentoo eally 

1 3 

10 

Fe as FeSOi 

Intis peri toneally 

1 10 

2 

and 




Feme NH 4 citrate 

Intrapentoueally 

20 

2 


lbs./sq Inch were applied and the oltmhltrate was collected in such manner that there 
Was no opportunity for evaporation. After 15 to 20 per cent of the total volume had 
passed through the filter the filtrate and remaining plasma were analyzed. After 
adjusting for the relative water contents the fraction which was ultiafilterable was 
calculated from the starting concentration in the plasma and the concentration in the 
filtrate. The method of calculation is illustrated in the following example SCN was 
added to plasma to a concentration of 96 rrucrogrums per gm of water and after 20 
per cent of the volume had ultrafiltcred, the plasma contained 103 nucrograms per 
gram of water and the ultrafiltrate 74 micro grams per gm. of water Thus 77 per 
cent was considered to be ultiafilterable (The concentration found m filtrates col- 
lected at various times throughout the ultiafiltration procedure did not vary ap- 
preoabl) ) 

The question of bound test substances in plasma was also exa min ed by a differential 
dialysis method which was designed to avoid errors arising in the usual dialysis 
methods from considerable dilution of the plasma and excessive ch an ges in the con 
centration of the substance being tested. The method consists of dialvzing plasma 
containing a known concentration of the test material against the same concentration 
of the test material in isotonic saline. Under these conditions the fred> diffusible 
portions of the test agent would be expected to approach equality on either side of the 
membrane irrespective of any part which ma> be bound m the plasma. Thus when 
equilibrium is reached the bound portion which must remain on the plasma side of 
the membrane will be apparent as a difference in the total concentration of the test 
substance on the two sides. In the case of the anions, the Gibbs-Donnan effect would 
tend to produce a small difference in concentration In the opposite direction j.c 
higher cm the saline side Since we are here interested m quantities considerably 
greater than any which would result from the Donnan effect no attempt was made to 
take mto account the influence of the Donnan effect on the concentrations. 

An outline of the analytical procedures used in these experiments follows. The 
errors of the methods are expressed as the average deviation from theoretical values at 
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concentration levels such as were found in the plasma and aqueous of the experimental 
animals This dev lation is expressed m per cent 

SCN Plasma and aqueous humor thiocv anate concentrations v\ ere determined 
bv the well known feme nitrate colorimetric method The plasma analyses were 
performed photoelectncallv using a Jena BG-7 (2 mm) filter Standards were pre- 
pared b.v adding known amounts of NaSCN to water and to normal plasma When 
corrected for the plasma blank identical curves resulted which deviated only slightly 
from Beer’s law Average agreement between duplicates m a senes of 28 determina- 
tions was 1 5 per cent with the greatest deviation 3 4 per cent Thiocyanate in de- 
protemized aqueous samples w as determined by the same method, except that the 
quantities available necessitated visual color companson In order to compensate 
automatically for the aqueous blank (about 7 micrograms per gm of water) standards 
were made up with corresponding quantities of normal aqueous present Accuracj 
of analv sis of aqueous SCN was approximately rfc 5 per cent 

Br — The concentration of bromide in plasma and aqueous humor was determined 
b} a photoelectrometnc adaptation of the gold chloride method of Wuth (14), thereby 
decreasing the error from more than 1 5 per cent to less than 5 per cent 

Plasma proteins were precipitated with trichloroacetic acid and the bromide con- 
tent of the filtrate was measured with a photoelectric colorimeter using a Jena BG-7 
(2 mm ) filter Senes of standards, made bj adding knowm amounts of sodium bro- 
mide to water and to plasma up to 1400 micrograms per gm of water gave identical 
curves when corrected for the plasma blank and deviated only slightly from Beer’s 
law when the above filter was used Bromide concentration in the aqueous was de- 
termined bv visual matching, because the volumes were too small for use in the color- 
imeter The color produced bv gold cblonde after removal of proteins with tn- 
chloroacetic acid v as compared vv ith that of a senes of standards made by adding 
known amounts of sodium bromide to normal blank aqueous and treating in the same 
wav as the unknowns Standards were made with aqueous humor present to com- 
pensate for the slight fading of gold cblonde caused by some constituent of aqueous, 
probablv ascorbic acid With this procedure the accuracy of aqueous humor anal} ses 
was ±6 per cent 

Li — Plasma and aqueous humor lithium contents were determined for us by Prof 
G R Hamson of the Massachusetts Institute of Technology by quantitative spectro- 
photographic analv sis The av erage amount of lithium found to be present m pooled 
normal aqueous humor and plasma w as 4 micrograms per gm of w ater 

P0 K — The inorganic phosphate of both plasma and aqueous humor was measured 
m trichloroacetic acid filtrates bv the method of Tschopp and Tschopp (15) Using a 
photoelectnc colonmeter equipped with a Wratten 61 N filter, the light transmission 
was found to bear a constant logarithmic relationship to the concentration of phos- 
phate in accordance w ith Beer’s law 

The av erage agreement in the PO, content of six paired aqueous samples v as ±2 
per cent w ith the greatest difference of 6 3 per cent 

I'rcc j — Urea was determined bv the aeration-titration method follov mg digestion 
with urease With one exception, the av erage deviation m a senes of thirteen control 
analv ses at several different concentrations was =b2 per cent Aqueous removed 
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from both eyes as nearly simultaneous!} as possible was pooled m order to increase 
the accuracy of these results 

Lcvidost — Levulose was determined by a modification of the method of Corcoran 
and Page (16) Plasma proteins were precipitated without heating by addition of 
0 5 ml of 4.5 per cent ZnSOi 7HjO to 0.5 mb plasma plus 2 5 ml water To this 
was then added 0 5 ml of 0 2 N NaOH. 1 ml of filtrate was heated m a boiling water 
bath with 5 ml of diphenylamme-acdd-alcohol reagent for 30 minutes in graduated 
tubes Only the lower inch of the tubes was immersed bo that the upper portion of 
the tubes remained relatively cool this technique caused the alcohol vapors to con 
dense and reflux and avoided errors arising from precipitation of the reagent. After 
cooling the volume was made up to 10 mL with ethyl alcohol and the color was meas- 
ured photoeleotncally using a \\ ratten 61N filter 

Analyses of aqueous were done m the same way except that the protein preapita 
tion stage was omitted the aqueous sample simply being made up to 1 ml with water 
and heated with the diphenylamine reagent. The small blank due chiefly to some 
reaction of the reagent with glucose in plasma and aqueous was determined for each 
animal and subtracted from the experimental values. Recoveries of levulose from 
plasma were 97 to 105 per cent and 96 to 108 per cent from aqueous. Plasma dupli 
cates agreed to within ±2 per cent 

Af j — Determinations of magnesium by the Titan yellow method as described by 
Gillara (17) were earned out on tungstic acid plasma filtrates and whole aqueous 
The samples were diluted in order to bnng them within the useful range of the test 
(0 to 4 micrograms per mb) and the colors were matched visually with a senes of 
standards 

Recovery of magnesium from plasma in the concentrations met with in the expen 
meats showed an average agreement of ±5.2 per cent in seven cases, and a maximum 
error of 20 per cent (one case) In duplicate plasmas the average variation was 4 1 
per cent while in duplicate control aqueous it av eraged 7 per cent. 

/> — Iron in plasma was determined by using sulfosalicylic a ad to preapitate the 
proteins and produce a characteristic amethyst color After centrifuging the color 
in the supernatant was determined photoelectncallj A Jena VG 2 mm . (green) 
filter was used. This method determines iron in the feme state. B> adding con 
centrated NH4OH to the above supernatant m an amount suffiaent to turn Congo 
red paper red both feme and ferrous iron ma> be determined colorimetncall} using a 
W ratten 47-C5 filter Advantage was taken of this procedure to estimate the ferrous 
iron by difference. The accurac} Is ±5 per cent. 

All concentrations in the aqueous and plasma have been expressed on the hasls of a 
gram of water In depicting the relative concentration of the test materials In the 
plasma and in the anterior chamber the maximum concentration in the plasma of each 
animal of the freelv diffusible portion of the test agent has been arbitrarily called 100 
per cent and all other concentrations have been adjusted proportionatel} In the 
case of urea the plasma concentration was main tamed fairly constant the average 
concentration in place of the maximum concentration was called 1 00 per cent (Fig 
5) In this wav the points scatter abo\ e and below the line representing 100 per cent 
Thus each pair of curves shown in Figs 1 to 5 is a composite of all the aqueous sam 
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pies and all of the blood samples Two aqueous samples and three or four blood 
samples v ere taken from each animal In the case of levulose the variations in con- 
centration which were encountered necessitated expressing the findings of these 
experiments m actual concentration instead of reducing the results to a percentage 
basis (Tig 6) 


RESULTS 

SCN — From four ultrafiltration and three differential dialysis experiments 
on plasma contaimng 100 micrograms of SCN per ml it was found that but 
77 per cent of the SCN was present m a freely diffusible state The individual 
experiments were ultrafiltration, 80, 79, 74, 74 per cent, dialysis, 77, 73, and 82 
per cent 



After correcting for the proportion of SCN in the plasma which is bound, the 
relative concentrations of freely diffusible SCN present m plasma and aqueous 
at various times after injection are shown m Fig 1 The small initial concen- 
tration of SCN present in both plasma and aqueous has been subtracted from 
all of the concentrations in order to facilitate analysis in the following paper 
The absolute maximum levels of SCN reached m the plasma varied between 
S5 and 135 micrograms per ml From the figure it is evident that the SCN 
concentration of the aqueous rapidly approaches that of the freely diffusible 
form in the plasma Whether it actually reaches that of the plasma m all 
instances is perhaps questionable, that it does in some appears quite probable 
The circles enclosing an \ represent glaucomatous eyes The significance of 
these points will be discussed m a following paper 

£ r — Ultrafiltration and differential dialysis of plasma containing bromide 
m a concentration of 1200 micrograms per ml shoued that on an average 
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92 per cent was freely diffusible The separate analyses were ultrafiltration, 
9b, 87, and 90 per cent, dialysis, 91.5 and 92 per cent 
Fig 2 illustrates the relative concentration of freely diffusible bromide in 
the plasma and aqueous at various intervals after injection The maximum 
level j)f bromide in the plasma varied from 1185 to 1450 micrograms per xnL 



TIME IN MINUTES 
Fio 2 



it —The expense of spectrographic analyses limited the number of expen 
ments which could be performed using lithium as a teat substance. In view 
of possible implications inherent In the use of a test agent having as small an 
atomic weight as Li, it is thought of some value, to report the results of the 
three plasma and three aqueous determinations. The relative concentration 
of lithium in the aqueous and plasma, following injection of LiCl, is shown in 
Fig 3 The absolute concentration os represented by the point m the plasma ^ 






126 


CHEMICAL STUDIES ON BLOOD-AQUEOUS HUMOR DYNAMICS 


curve at 90 minutes was 100 rmcrograms per gm of water Normally present 
in the aqueous and plasma were 4 micrograms per gm of water This amount 
was subtracted from the experimental results of both plasma and aqueous 
While a more quantitative comparison of the rate of transfer of Li from the 
blood to the anterior chamber will be presented m the following paper, it is 
dear that the rate of accumulation of Li is not conspicuously greater than was 
found for Na, Cl, SCN, or Br The possibility that lithium is sufficiently 
hydrated to invalidate any condusions regarding rate of penetration and 
molecular size has not been ruled out 

PO 4 — Phosphate, as phosphate buffer, pH 7 0, added to plasma was dia- 
lyzed by the method described above and found to be completely diffusible 



This is m agreement with the results of Waller (5) who used an ultrafiltration 
method 

Initially the inorganic phosphorus level was found to vary between 49 and 
SO 5 micrograms per gm of w ater m seventeen control plasmas, and between 
33 6 and 45 2 micrograms per gm of water in thirteen control aqueous samples 
The relatne concentration of inorganic phosphorus in the plasma and aqueous 
of injected animals appears in Fig 4 These results, like those in which radio- 
actixe phosphorus was used (2) showed considerable fluctuations in concentra- 
tion both in the aqueous and plasma While exact quantitative treatment 
would be unwarranted it would appear from the figure that the initial equilib- 
rium ratio (63 i 10 per cent) of aqueous to plasma concentration was approxi- 
mate!} maintained follow mg the introduction of additional phosphate into the 
animal 

Urea — Urea was shown b} differential dial} sis to be 100 per cent diffusible 
This result too, is confirmaton, of that found by Walker and others who have 
emplo}ed ultrafiltration 
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Initially the plasma urea concentration was found to vary between 340 to 
470 micrograma per gm of water (ten cases), except in one instance where 
590 micrograms per gm. of water were present The aqueous to plasma con- 
centration ratio was 66 dr 5 per cent m four animals 

The findings resulting from combined intravenous and mtrapentoneal in- 
jections of urea are shown in Fig 5 The starting concentration of urea is seen 
to correspond to 33 per cent when the average plasma concentration after 
rejection is assigned a value of 100 per cent From the figure it may be seen 
that the plasma concentration of urea remains practically constant throughout 
the test period and that the aqueous concentration increases at first, but like 
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PO4, appears to reestablish an equilibrium having the same ratio as was found 
initially mz , at approximately 65 per cent 

Levulose — Levulose was found to be in a freely diffusible state re plasma as 
determined both by ultrafiltration and differential dialysis. 

From preliminary experiments it was found that the concentration of levulose 
in the pla sm a decreased rapidly following Intravenous rejection. Following 
intrapentoneai injection it rose and then fell rapidly Even when administered 
repeatedly it was not found possible to maintain the concentration at a con- 
stant level nor at levels sufficiently alike In different rabbits to consider them 
all together For these reasons the actual concentrations of levulose re plasma 
are shown separately in Fig 6 It may be seen from the curve showing the 
concentration in the aqueous that the final equilibrium ratio does not approach 
100 per cent, but appears to be somewhat less than 50 per cent. 

It is not possible to state the exact initial ratio of levulose in the anterior 
chamber to that in the plasma because the test used is not sufficiently specific 
for this sugar 
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It is interesting to note that Robertson (11, 12) who measured the rate of 
increase in concentration of glucose after intravenous injection found that there 
was a “deficiency of at least 40 per cent of the blood sugar level m the aqueous ” 
Weld in a similar study (18) found approximately the same deficiency for glu- 
cose and progressively greater deficiencies for sucrose and r affin ose 
Attempts were made to test the rate of accumulation of Mg m the anterior 
chamber after intrapentoneal injections of MgCl 2 From 22 to 38 micrograms 
of Mg per gm of water (eleven cases) were present normally m the aqueous 
Unfortunately, the changes in concentration of this ion m the anterior chamber 
were not of sufficient magnitude, considering the accuracy of the analytical 
method, to be more than suggestive of the rates involved The inconstancy of 
the plasma levels also contributed to the difficulty of any interpretation 



Dialysis of plasma to which had been added both ferrous and ferric iron in 
concentrations up to 700 micrograms per ml showed that practically all of the 
non vas bound The cellophane membranes used for the dialysis experiments 
■u ere shown to be freely permeable to both forms of non in separate experiments 
in which the plasma was omitted 

The results of the animal experiments (in so far as they may be trusted, since 
the animals died after some hours) are consistent with this finding, for despite 
plasma iron concentrations as high as 700 micrograms per ml , the concentra- 
tion of non in the anterior chamber remained leSs than 0 5 microgram per ml 
for periods up to 5 hours 

DISCUSSION 

No attempt has been made to compare the rates of transfer of the sub- 
stances tested into the anterior chamber, because of the obvious difficulty of 
mentalb, compensating for xarymg plasma concentrations The following 
paper will be concerned with this problem 
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SUMMARY 

The proportion of SCN, Br, PO4, urea, levulose, and Fe which remains freely 
diffusible when added to plasma has been determined by ultrafiltration and 
“differential” dialysis through a cellophane membrane After injecting each 
of these substances as well as Mg and la mto rabbits a continuous record of 
their concentration in the plasma was obtained for each animal and the concen 
t ration in the aqueous humor was also determined and related to the maximum 
diffusible concentration m the plasma 

The authors wish to acknowledge the technical assistance of Miss Cynthia 
Steitx in carrying out these studies 
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Perhaps no problem in ocular physiology has received so much attention or 
been discussed so vehemently as the question of whether the aqueous humor 
is formed by ultrafiltratlon (dialyzation) or by some secretory process One 
of the chief arguments cited for or against the ultrafiltration as opposed to the 
secretion theory has been based upon the equilibria which the constituents 
of the aqueous humor form with the blood Strong support has been gained 
for the ultrafiltration hypothesis from the fact that with several notable ex- 
ceptions (K, PO< SO<) the electrolyte distribution does not vary appreciably 
from that required by the Gibbs-Donnan equation for static equilibria 

On the other hand, it has always been ass u med that the ultrafiltratlon 
hypothesis was incompatible with equilibrium ratios of freely diffusible sub- 
stances which are appreciably less than 1 , unless some special assumptions, such 
as utilization within the anterior chamber or selective reabsorption were in 
voted to account for the deficiency Examples of compounds which appear 
to be present in lower concentrations m the aqueous humor than m the blood 
are phosphate and sulfate and such freely diffusible non-electrolytes as urea, 
uric aod, creatmine sucrose, raffinose, and probably glucose. With the possible 
exception of the last named, there is no evidence that appreciable utilisation of 
any of these compounds occurs withm the anterior chamber nor that they are 
selectively reabsorbed 

For reasons which will be given subsequently the authors do not believe that 
it is permissible to draw any conclusions concerning the mechanism of aqueous 
formation merely from the aqueous humor blood equilibria ratios Neither 
would it appear possible to estimate directly the relative rates of transfer of 
different substances from the blood to the an tenor chamber from such ratios 
alone Some of the additional data deemed necessary for the solution of these 
problems will be presented later 

The purpose of this paper is twofold first, to point oat mathematically the 
quantitative implications of the ultrafiltratlon and secretory hypotheses, and 
secondly, to analyze the experimental data already presented (1, 2) on the 
b asis of such theoretical formulations, with the object of determining ( 0 ) the 
relative rates of transfer of substances into the anterior chamber, and (b) which 
hypothesis, if either, is supported by these data 
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If aqueous humor is assumed to form either as a result of ultrafiltration or of 
some secretory phenomenon, there appear, m general, to be three separate 
processes 1 which could account for the equilibria between aqueous humor and 
blood They are 

1 Aqueous constituents separately may enter the anterior chamber from 
the blood by ultrafiltration where, under static conditions 2 they would accumu- 
late until the concentration in the aqueous reaches that m the blood In this 
instance the process w r ould presumably obey Fick’s law r , i e the rate of transfer 
would be proportional to the difference m concentration on the two sides of the 
barrier or barriers, and would eventually lead to an equilibrium ratio of 1 0 
(It is this process only, which is assumed, presumably, by those who use the 
ratios below r 1 0 as evidence against the ultrafiltration theory ) 

2 Aqueous constituents may enter the anterior chamber by ultrafiltration 
and escape by another mechanism, e g , flow s It will be shown later that such 
a mechanism could account for any equilibrium ratio below 1 0 

3 Aqueous constituents may enter the anterior chamber from the blood by 
secretion, m this instance it is obviously necessary that there be some leakage 
out of the anterior chamber Such leakage would presumably occur by a dif- 
ferent route, and might be either a flow or conceivably another secretory process 
In either instance the simplest assumption concerning the rate of leakage of any 
substance out of the anterior chamber is that it is proportional to its con- 
centration in the aqueous humor It wull be shown that this process also 
could account for equilibrium ratios less than 1 0 and in addition could lead to 
equilibrium ratios above 1 0 

In summary, an aqueous constituent may form a static equilibrium with the 
blood by a process of ultrafiltration, or it may enter by ultrafiltration or secre- 
tion and lea\e the anterior chamber by means of a flow Moreover, final 
equilibrium ratios below 1 0 could be accounted for by either the ultrafiltration 
or secretory hypothesis under the conditions set forth under paragraphs 2 and 
3, j c some net flow (not exchange) out of the anterior chamber, furthermore 

1 It is, of course, possible that some combination of these processes, or others, may 
be the actual one in\ol\cd in aqueous formation, but the point which we desire to 
emphasize especialh is not how the aqueous is necessarily formed, but some of the 
additional factors which must be considered before inferring from analytical pro- 
cedures \ hat is the mechanism for aqueous formation 

2 Static conditions are here assumed to be those in which there is no flow, or so 
called through and through circulation resulting in transfer of aqueous humor to out- 
s’dc the anterior chamber The onh loss of material from the aqueous under static 
conditions would occur b\ means of exchange such as occurs in dial) sis 

5 For the present purpose it does not matter whether the aqueous constituents are 
considered to enter through the cilian, bod\,theins or elsewhere, nor does it matter 
w hether the) lca\ e as a flo through Schlcmm’s canal or elsew here so long as the site 
of entrance and exit are different 



V EVERETT KINSEY AND W HORTON GRANT 


133 


such ratios are not readily explicable by either hypothesis under static con 
ditions 

While many investigators have recognised the possibility of flow out of the 
anterior chamber, and have designed experiments to measure its rate, no one 
to our knowledge has pointed out the effect such a flow would have on the eqm 
libnum ratio for any particular aqueous constituent, other than to call attention 
to the fact that if there is a flow the Gibbs-Donnan equilibrium would not 
prevail (Robertson, Ridley, etc.) 

Let us consider now the situation as outlined in paragraph 2 above, tni , 
materials enter the anterior chamber from the blood by filtration and in addition 
leave by a flow Under these conditions substances would enter the aqueous 
at a rate proportional to the difference in concentration m the blood and anterior 
chamber, whereas, if they leave the anterior chamber by a flow process they 
would do so at a rate proportional to the actual concentration in the anterior 
chamber In this simple cose it is assumed that the blood level is constant, 
that the diffusion rates are rapid compared with the rates of transfer, and that 
the ratio of the area of the blood aqueous barrier to the volume of the anterior 
chamber remains constant for different eyes Moreover, it is assumed that 
the relative ease with which water may move across the barrier In either 
direction, as shown m (3), permits the volume, hence the intraocular pressure, 
to remain essentially constant despite loss of fluid by means of flow 
The relation of the concentrations reached in the anterior chamber to the 
inflow and outflow may be seen from the equations which follow Where 

A — amount of constituent present in aqueous humor, 

Ci - concentration in blood 
Cj — concentration in aqueous at a given time ti, 
k - coefficient of transfer out of anterior c ham her by flow, 
kt — coefficient of transfer from blood to anterior chamber 
i — time 

V — volume of the anterior chamber 


The rate of change of amount of a given constituent in the anterior chamber ■ 


— - *,(C, - Cd - ft C, 
at 

Ci — A/V whence 


( 1 ) 


acre,) 

a 




Integrating between the limits l *= 0 to / *= h and rearranging, we have 
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Equilibrium will occur when t = « 

Cz _ kj 

Ci kj k' 


(3) 


From Equation 3 it is apparent that equilibrium ratios less than 1 may result 
for any freely diffusible substance without making any assumption other than 
that there is some flow out of the anterior chamber, viz , k' ^ 0 As suggested 
above, it follows that unless definite proof is forthcoming to show that there 
is no flow r out of the anterior chamber, it appears that the ultrafiltration hy- 
pothesis can account for equilibrium ratios less than 1 and therefore need not 
be discarded because of experimental findings of such ratios 
Similarly, measurements of the equilibrium ratio do not give any indication 
of the rate of transfer of a substance from the blood into the anterior chamber, 
they give only the overall effect of net transfer by ultrafiltration into the 
anterior chamber and leakage out by flow 

In a similar manner let us now consider the situation when substances are 
presumed to enter the anterior chamber from the blood by a secretory process 
and leak out of the anterior chamber by a process of flow as described above 
under paragraph 3 It is again assumed, as the simplest case, that the con- 
centration of the material m the blood remains at a constant level, and that the 
rate of secretion is proportional to the concentration present in the blood All 
symbols have the same significance as before The rate of change of amount of 
a given constituent m the anterior chamber equals 

dA 

- , *:C, - K: (4) 


H VC,) „ iC, 
dt dt 


k’C : 


Integrating between the limits from t = 0 to t — / t , and rearranging we have 


C. = 



(5) 


and at i = » 


C- 

Ci 


kj 

k' 


(6) 


In this instance too, the effect of a flow out of the aqueous is to complicate 
the situation, therebv making it impossible from the equilibrium ratio to 
determine either the rate of transfer from the blood to the anterior chamber, 
or to infer whether the transfer occurs as a result of filtration or secretion 
It should be e\ ident that, since the blood-aqueous barrier is more permeable 
to water than to solutes constant volume conditions will be maintained and the 
effect of flow out of the anterior chamber is to reduce the quantity of solutes 
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below that which would be present were there no flow This reduction in the 
quantity of solutes present will have no effect on the rate of secretion, which, b} 
hypothesis is dependent solely on the concentration in the blood, but will have 
an effect on the rate of filtration which is dependent upon the difference in 
concentration between the aqueous humor and the blood and a fortiori on the 
concentration m the aqueous, since the concentration in the blood is assumed to 
be constant 

The question now arises whether it is possible from any experiments involving 
analyses of blood and aqueous humor to determine either the transfer rate 
from the blood to the aqueous, or to infer by what process the transfer is taking 
place It seems that experiments involving analyses of blood and aqueous 
humor can permit such inferences to be drawn provided that the concentration 
of a given substance m the anterior chamber and in the blood a known at dif 
ferent periods of time following its introduction into the blood. 

It is apparent that when W (coefficient of out flow) is small relatively high 
concentrations in the anterior chamber could be obtained from relatively small 
values of (coefficient of transfer m) while if k' is large, relatively high values 
of kj would have to be assumed to account for the same experimental data 

If, for a given ratio of concentration in the aqueous to that in the blood, a 
value of k' is assumed, the corresponding value of k\ may then be calculated 
Moreover, on assuming a different value of k\ other values of k a will be found 
Hence it is possible for any given ratio of concentrations to plot k t against k' 
At another time, when the ratio of the concentration m the aqueous to that in 
the blood is different, a new plot will be found, the slope of which will differ from 
the first one. II, therefore, we are to arrive at values for k* and fcj which are to be 
reasonably satisfactory for all of the experimentally observed concentration 
ratios, the specific values for k' and kt must be selected which are found at the 
intersection of all of the plots 

The procedure just outlined was applied to concentration ratios in which the 
concentration of the substance under consideration was assumed to be at a 
constant level m the blood. From an experimental standpoint this condition 
is difficult to obtain, but if continuous records are made of the concentration 
m the blood, it is still possible although quite laborious to apply the same 
method of treatment to the resultant data, provided an equation can be de 
veloped which will describe the experimental data representing the concentre 
tion m the blood. Smce the blood concentration vaned for different test 
materials, as described in the preceding papers, it was necessary to derive several 
different equations in order to treat the data m the manner outlined above 
These equations along with the methods used m applying them to the solution 
of the general problem will be described forthwith. 

The concentration in the blood of radioactive isotopes of sodium and chloride 
(see (1)) and lithium (preceding paper) was found to increase to a maximum 
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and remain essentially stationary throughout the observation period A good 
fit for the data may be had from the following equation 

Ci = C(1 - <r*i> i) ( 7 ) 

where C is the asymptotic blood constant and represents the maximum con- 
centration level approached by the blood Ki is the coefficient of transfer 
from peritoneal cavity to blood, the other symbols have the same meaning 
as before 

By substituting for Ci m equation 1 which describes the rate of change of 
concentration in the anterior chamber when the transfer is assumed to take 
place by filtration and tales into account a flow out of the anterior chamber, 
we have 

dA 

— = Aj[C(l - - C.J - k’Ct or 

at 


~ = 7 ’ fC<l - €T*'»i) - Cd - k'C, 
at V 


Integrating from / = 0 to / = h 


C, = A Cl 


1 ( 

1 , v ‘) 1 

( e r 1 

' ki + k' V 

' ki V — k 2 — k‘ 

; \ e 




(S) 


Again when / = 00 


9 = ** 

C k s + k' 


In a similar way the equation may be derived for treating the data on the 
basis of secretion — the condition outlined under paragraph 3 above The 
resulting equation is 



If, as v as the case for the SCN and Br experiments, the level of the test 
substance m the blood reaches a maximum and then falls, the solution of the 
problem becomes more laborious, but still may be handled quantitatively with 
the aid of the following equation tthich empirically describes the concentration 
m the blood v ithin the time limits in\ estigated 

C, ■= C(1 - - k t t 1 (11) 


v.here represents the coefficient of loss from blood By substituting again 
for Cj m both Equation 1 (ultrafiltration) and Equation 4 (secretion) and 
integrating, we arrive at the following relation 
for ultrafiltration 


(±c_ ^ w \(, _ -m-) 

\k . + + (ki a- k'r)^ 1 C ' 


k.C 

it l - k t - k’ 






.ki 

+ y 


( 12 ) 
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and for secretion - 


(i,C t,k,v\( -%-) i,c f-y ) M, 


(13) 


It is interesting to note that if the concentration in the blood is falling rapidly, 
* c k t 13 large compared with k! the concentration in the anterior chamber may 
reach or even exceed that in the blood, even though the equilibrium ratio is 
ordinarily below 1 Dearly, no quantitative inference as to the rate of transfer 
or mechanism involved can be drawn from observations that do not include 
continuous determinations of the concentration of the test substance in the 
blood, and treatment of the data which does not consider the existence of outflow 
from the anterior chamber 

As reported m the preceding paper the blood concentration in the urea ex 
penments was maintained constant throughout the period of the investigation 
However, urea differs from the other substances which will be analyzed quantita- 
tively m that some is present initially m the anterior chamber, , Ct 7 s 0 at 
t » 0, but = Ci In this instance the integration m still earned out between 
the limits t « 0 and / ■= h remembering, however, that at / = 0 C» — Ci with 
the result that on the basis of the ultrafiltration hypothesis 

On the basis of the secretion hypothesis 



RESULTS 

Fig 1 shows the result of calculating the coefficient of transfer (kt) for sodium 
from the experimental data (reported m (1)) for various assumed values of k' 
on the basis o! the ultrafiltration hypothesis Fig 2 shows the results of 
analogous calculations made on the basis of the secretory hypothesis The 
broken lme, in each case, represents the values of kt and k' which would be 
required by the ratio of concentration in the anterior chamber to that in the 
blood under equilibrium conditions The value used, 0 90 was obtained by 
estimation from the sodium curve as shown in Fig 1 of (1) and appears to be of 
the same order of magnitude as that reported by others from che mi cal studies 

It is at once apparent from Fig 1 that a reasonable fit of the experimental 
data (measured concentration in the anterior chamber a n d m the blood) is 
found only when kt is equal to about 3.5, and k ' equal to something less than 
1 With two exceptions all of the ratios give values for kt which vary only from 
3 0 to 4 4 for this value of k whereas with slightly greater assumed rates of 
flow it may be seen that kt vanes tremendously for the different experimental 
points 
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From Fjg 2, it is dear that once again the best fit is found when k 2 is about 
3 5, but in this instance k' is almost 4 0 
The results from the chlonde experiments have been calculated in a similar 
manner and the plots are shown m Fig 3 for the ultrafiltration and secretion 
hypotheses Since the equilibrium ratio for chlonde is approximately 1 03 the 
slope of a line showing the relation of k 2 to k' under equilibrium conditions would 



COEFFICIENT OF TRANSFER OUT-K* 

Fig 1 

be negative on the basis of ultrafiltration, and since factors other than possible 
flow of aqueous out of the anterior chamber presumably would be needed to 
account for this slope, no line has been shown m case of ultrafiltration How- 
c\ er, the broken line on the set of curves representing secretion again represents 
this equilibrium ratio 

It is dear from Fig 3 that the best fit for the filtration hypothesis is given 
when little or no flow is present, a result similar to that found for sodium In 
this instance k* has an average value of 4 5 On the basis of the secretory 
hypothesis the best fit results v hen k 2 is 3 9 and k' is 3 85 
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Similarly, the results from the SCN experiments are plotted and shown in 
Fig 4 On the basis of the ultrafiltration hypothesis it would appear that 
agam the best fit is when k' is equal to zero, and the corresponding value of 
kz is 3 8 The curves based on the secretory hypothesis are most similar at 
= 4 0 and k! = approximately the same value 

In the case of lithium only two experimental points were available to compute 
the rate of transfer into the anterior chamber Nevertheless it may be seen 
from Fig 5 that on the basis of ultrafiltration a fit is given only when k' is about 
zero If the lithium enters by secretion, however, k' agam is found to be equal 
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Fic 4 

to approximately 4, and k 2 m this instance appears to be about 3 5 The 
broken line is plotted on the assumption that the final equilibrium ratio of 
lithium in the aqueous to that m the plasma is 1 

Trom Fig 6 it may be seen that the best fit on the basis of ultrafiltration for 
bromide occurs when = 4 0 and k' = zero, while k 2 = 4 0 and k' = ca 4 if it 
be assumed that bromide enters the anterior chamber by a secretory process 
Agam the broken lines are based on an assumed equilibrium ratio of 1 

It mil be recalled that except for mmor differences two consistently different 
values (zero and 4) are obtamed for the coefficient of outflow ( k '), depending 
upon whether one assumes that these electrolytes enter the anterior chamber by 
filtration or secretion Since either set of values for the coefficients of transfer 
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ki and k r will account for the determined concentrations there is no way of 
distinguishing which hypothesis is the correct one Moreover, while the ret- 

eg 
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Fro 5 
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Fig 6 


atrve rates of transfer into the anterior chamber have now been determined the 
absolute rate too, depends to some extent upon one’s assumption of the processes 
involved 
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If, for the present, we do not examine the evidence from other sources for a 
through and through circulation of aqueous, but first consider the general 
relationship between k 2 and the equilibrium ratios required by the two hypoth- 
eses for various values of k', and secondly, consider the case of substances 
which give nse to equilibrium ratios significantly less than 1, it will be seen that 
additional information is obtained which is helpful m deciding which mechanism 
is operative for transferring the substances tested into the anterior chamber 



Tig 7 


The relation between the equilibrium ratio and the coefficient of transfer 
out of the anterior chamber by means of a flow ( k ') on the basis of the ultra- 
filtration and secretory hypotheses may be seen from Tig 7 Here three values, 
0, 1, and 4, ha\ e been assumed for k' and the equilibrium ratios have been cal- 
culated for various -values of k 2 from equations 3 and 6, where t equals infinity 
The solid perpendicular line shows the expected ratio on the basis of the ultra- 
filtration hypothesis at k’ equals 0 This calculation has not taken the Gibbs- 
Donnan equilibrium into account, but had this been done the line would still 
be perpendicular but would be shifted to the right or left slightly depending 
upon whether one were dealing with an anion or cation On the basis of the 
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secretion hypothesis there would be no equilibrium for k' equal to 0, hence no 
line is shown. As was to be expected, equilibrium ratios significantly below 1 
cannot be accounted for by either hypothesis under the assumed condition 
of V - 0 

The two curved lines show the expected equilibrium ratios when k 1 equals 1 
and 4 for the ultrafiltration and the two sloping straight hues show the anal 
ogous ratios for the secretory hypothesis 

The great increase in value of required to produce an equilibrium ratio 
above 80 per cent on the basis of the ultrafiltration hypothesis, compared to that 
required by the secretion hypothesis suggests that on the knowledge of the 
rate of transfer of water and urea few substances would be found m the anterior 
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Fig 8 

chamber having equilibrium ratios above this amount if they entered by means 
of filtration and any substantial loss occurred through flow 
Urea was one substance which gave an equilibrium ratio of less than 1 
The coefficients of transfer in and out of the anterior chamber for this compound 
are shown plotted against each other m Fig 8 Again the broken line rep re 
seats the equilibrium ratio (0 66) Unlike previous results on the basis of the 
ultrafiltration hypothesis the best fit is obtained when k' is more than zero — 
in this instance it would appear to equal approximately 1 7 and «= 2.8 
The corresponding values given by the secretion hypothesis are V ^ 4 0 and 
k\ — 2 7 Thus, os was anticipated for all substances which show a deficiency 
m concentration in the anterior chamber the experimental data give a reason- 
able fit only when it is assumed that there is some leakage regardless of which 
of the two hypotheses is presumed to be operative 

Since it has been shown that concentrations of electrolytes found expen 
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mentally would not be attamed by an ultrafiltration process if there is any 
substantial leakage by flow, but could be attained by a secretory process under 
such conditions, it would appear that all of the data are compatible only with 
the idea that some leakage does occur 

If w e assume that the k' value for urea is 4 and calculate the final equilibrium 
ratio which gives a good fit for the k 2 -k r plots on the basis of the ultrafiltration 
hypothesis it is found to be 5S per cent While this value w as closely approxi- 
mated by 4 out of 5 4 5 of the last evperimental points show n on Fig 5 of the pre- 
ceding paper it will be recalled that the average equilibrium value found m 
control animals was 66 ± 5 per cent 

Considering the variability of urea ratios in both treated and untreated 
animals the authors are inclined to believe that the possibility of urea entering 
the anterior chamber by ultrafiltration cannot be discarded 

It will be recalled from Fig 6 of the preceding paper that the levulose con- 
centrations in the blood of different rabbits w as too variable to permit represent- 
ing them all with a single curve For this reason it is not possible to analyze 
quantitatively the results m the manner used for the other test substances 
Nevertheless, the fact that the maximum concentration reached m the anterior 
chamber is only about 35 per cent of that m the plasma seems indicative that 
either the excess levulose is quite rapidly metabolized® or that it too, may be 
lost from the anterior chamber as a result of a flow process 

If the coefficient of flow (k') is set equal to 4 and one solves for £. on the bases 
of both hypotheses w hen the equilibrium ratio is 35 per cent, k ; is found to equal 
2 15 for ultrafiltration and 1 4 for secretion From a plot of the results obtained 
by substituting these values m Equations 14 and 15 and solving for the con- 
centration ratios at various times, curves are obtained w'hich produce a reason- 
ably good fit for the aqueous curve of Fig 6 of the previous paper 

Out of interest a similar calculation was made lettmg k' = 1 7 (the result 
obtained in the case of urea-ultrafiltration hypothesis) The resulting 
curve m this instance w-as much flatter at the beginning than the others and 
docs not produce as good a fit 

The phosphate results too (Fig 4 in the prev ious paper) were so variable that 

4 The ratios were 60, 59 4, 6S, 57 5, and 5S 5 per cent for / = SI, 91, 115, 140, and 
176 mins respcctivelv 

5 The question of utilization has frequcntlv been m\ oked to account for deficiencies 
in the anterior chamber without proof that it actualh could quantitatively do so 
Scv eral \ cars ago one of the authors (\ E K. ) in an i/i vitro experiment increased the 
amount of glucose available for rabbit lens utilization from 90 mg per cent to twentv 
times this concentration and found that the oxygen uptakes were identical While 
the glv colv sis w as not measured m these expenmen ts it w ould appear that the oxv gen 
uptake of the lens, at least, docs not fluctuate significantly with concentrations of 
carbohv drate in excess of normal 



V EVERETT KINSEY AND W HORTON GRANT 


145 


only a qualitative analysis seems warranted It is certain however, that the 
ratio when equilibrium is obtained is definitely below 1, again the conclusion 
seems inevitable on the basis of present knowledge at least, that some leakage 
must occur to account for the findings With regard to the actual rates of 
transfer mto the anterior chamber, if A 7 is assumed to be 4, a value of A s equal 
to 7 4 for the ultrahltration and 2 6 for the secretion hypothesis would ac 
count for the observed equilibrium ratio of about 65 per cent 

From a consideration of the results obtained with urea, levulose, and phos- 
phate it would appear that the ratios observed may be accounted for only on 
the assumption that there is a flow out of the anterior chamber The exact 
magnitude of this flow may be open to some question but from the fact that a 
reasonably good fit to the experimental curves results if one substitutes a 
value of 4 as obtained from the other test materials, it seems justifiable to 
conclude that this value is substantially correct. One implication of such a 
conclusion is, as was suggested before, that the rate of leakage out by flow is the 
same for all of the compounds used Obviously this may not be the case, but 
the fact that ions of sires as different as Na and SCN appear to leave the anter- 
ior chamber at essentially the same rate suggests that for ions of this range of 
size at least, it is true If, as is usually assumed, the flow occurs through 
Schlemm's canal, the walk, being composed of endothelium similar to that found 
m capillaries, would not be expected to differentiate between compounds no 
larger than levulose 

In any case bo long a* A' is substantially above zero the data for all of the 
electrolytes tested, except PO<, give a good fit only on the assumption that they 
are secreted Phosphate too, gives a fit on such an assumption but since an 
equally good fit is obtained assuming ultrafiltration, the choice m this instance 
cannot be made from the data at hand. Since the data for the compounds 
having equilibrium ratios less than one are not differentiable by any such 
conspicuous differences in A' values as was found for the electrolytes on the 
basis of the two hypotheses, the choice of which one best accounts for their 
passage from the blood to the anterior chamber must come from other sources 

DISCUSSION 

That the units for the constants A*andA' are in c. mm. per minute may readily 
be seen from Equation 1 It should be emphasized that the Aj values show 
the relative rates at which different substances can enter the anterior chamber 
under identical concentration conditions, in the plasma only, when the transfer 
is the result of a secretory process, and in the plasma and in the anterior chamber 
when the transfer n the result of ultrafiltration 

Since the concentration is different for each substance in the plasma the 
actual rate of transfer must likewise be different and is equal to A*Ci on the 
basis of secretion and Ai(Ci — C 2 ) on the basis of ul Infiltration. Thus each 
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mentally would not be attained by an ultrafiltration process if there is any 
substantial leakage by flow, but could be attained by a secretory process under 
such conditions, it would appear that all of the data are compatible only with 
the idea that some leakage does occur 

If we assume that the k' value for urea is 4 and calculate the final equilibrium 
ratio which gives a good fit for the k^k' plots on the basis of the ultrafiltration 
hypothesis it is found to be 58 per cent While this value was closely approxi- 
mated by 4 out of 5 4 5 of the last experimental points shown on Fig 5 of the pre- 
ceding paper it will be recalled that the average equilibrium value found m 
control animals was 66 zfc 5 per cent 

Considering the variability of urea ratios in both treated and untreated 
animals the authors are inclined to believe that the possibility of urea entering 
the anterior chamber by ultrafiltration cannot be discarded 

It will be recalled from Fig 6 of the preceding paper that the levulose con- 
centrations m the blood of different rabbits was too variable to permit represent- 
ing them all with a single curve For this reason it is not possible to analyze 
quantitatively the results in the manner used for the other test substances 
Nevertheless, the fact that the maximum concentration reached m the anterior 
chamber is only about 35 per cent of that in the plasma seems indicative that 
either the excess levulose is quite rapidly metabolized 6 or that it too, may be 
lost from the anterior chamber as a result of a flow process 

If the coefficient of flow ( k ') is set equal to 4 and one solves for k° on the bases 
of both hypotheses when the equilibrium ratio is 35 per cent, £2 is found to equal 
2 15 for ultrafiltration and 1 4 for secretion From a plot of the results obtained 
by substituting these values in Equations 14 and 15 and solvmg for the con- 
centration ratios at various times, curves are obtained which produce a reason- 
ably good fit for the aqueous curve of Fig 6 of the previous paper 

Out of interest a similar calculation was made letting £'=17 (the result 
obtained m the case of urea-ultrafiltration hyqxithesis) The resulting 
curve m this instance was much flatter at the beginning than the others and 
does not produce as good a fit 

The phosphate results too (Fig 4 in the previous paper) were so variable that 

4 The ratios were 60, 59 4, 68, 57 5, and 58 5 per cent for i = 81, 91, 115, 140, and 
176 mins respecti\ely 

5 The question of utilization has frequenth been in\ ohed to account for deficiencies 
in the anterior chamber without proof that it actually could quantitatively' do so 

Se\ cral \ ears ago one of the authors (\ E K ) in an m vitro experiment increased the 
amount of glucose axadable for rabbit lens utilization from 90 mg per cent to t\ enty 
times this concentration and found that the oxygen uptakes were identical While 
the gl\ coh sis v as not measured in these experiments it w ould appear that the oxy gen 
uptake of the lens, at least, does not fluctuate significantly with concentrations of 
carboln drate in excess of normal 
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the difference in osmotic activity Thus difference amounted to an average of 
5 4 mu of Nad per kilo of water 

While our studies have shown that the rates of transfer into the anterior 
chamber of both anions and cations are compatible with a mathematical 
formulation based on a secretory process, it should be pointed out that active 
secretion of ions bearing only positive or only negative charges may occur In 
such an instance the oppositely charged ion would of necessity be transferred 
mto the anterior chamber m order to maintain electrical neutrality This 
latter process would lead to concentrations indistinguishable from those which 
would be obtained had the active secretion applied to the other ton or for that 
matter to both ions. 

If we are to accept the mechanism for ion transfer by secretion as propounded 
b> Fnedenwald and cow enters, and we are aware of no others, it would appear 
that it is the cation which is actively secreted mto the anterior chamber and the 
anion is transferred as a result of electrical attraction. The transfer of non 
charged substances would presumably occur, in the absence of experimental 
evidence to the contrary, by means of simple filtration. Suggestive of this is 
the penetration of neutral dyes through the stromal-epithelium barrier of the 
ciliary body, as shown by Fnedenwald and Stjehler 

With the object of determining the effect of valence on the rates of transfer 
the substances chosen for study included mono-, bi-, and tnvalent ions. For 
reasons already cited the results for the bivalent ion (Mg) and the tnvalent one 
(Fe) could not be used, and while the phosphate lead to an equilibrium ratio 
significantly less than one the contribution of charge in establishing such an 
equilibrium ratio is complicated by the several ionic forms of phosphate having 
different valences * 

It is interesting to note that the rates of transfer mto the an ten or chamber 
on the basis of the secretory hypothesis for all of the monovalent electrolytes 
tested were ap p ro xim ately the same irrespective of the size of the test sub- 
stance By contrast, the proportionately lower tra n s f er rates found by us for 
urea and levulose and the progressively lower equilibnum ratios found by Weld 
(9) for glucose, sucrose, and raffinose arc suggestive of the passive nature 
(ultrafiltration) of the process of transfer for n on-charged molecules. 

From the fact that a flow out of the anterior chamber produces concentre 
tions in the aqueous humor lower than in the blood for all substances which enter 
b> means of ultrafiltration and for any which enter by secretion having kt 
values less tbnn 4 (t e less than the rate of flow), one would anticipate that some 
other substances would have k% values in excess of 4, and thus be present (as a 
result of secretion) in higher concentrations than m the blood in order to mam 
tnm the osmotic equilibrium. Chloride appears to be one such substance 
Moreover the osmotic equilibrium, hence the intraocular pressure, is continually 
dependent upon both the magnitude of the rate of flow and the rate of transfer 
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into the anterior chamber, particularly that part of the latter due to secretion 
Any decrease m the rate of flow or increase in rate of secretion (or rate of 
ultrafiltration) would be expected to increase the intraocular pressure and 
mce versa It is probable that in a normal eye an increase m pressure would 
augment the rate of flow, or perhaps lower the transfer rate These compensa- 
tory changes would tend to minimize the rise m pressure 
The application of the mechanisms outlined m this paper to the problem of 
intraocular pressure and its relation to glaucoma will be discussed in a later 
paper 


SUMMARY 

The importance of considering the effect of a possible flow out of the anterior 
chamber before inferring any mechanism of aqueous humor formation from the 
relative concentration of a substance in the aqueous humor and plasma under 
equilibrium conditions has been stressed 
Several processes to account for the chemical equilibria between aqueous 
humor and blood based on the ultrafiltration and secretion hypotheses with a 
possible simultaneous loss of aqueous humor by flow have been outlined On 
the basis of these processes, equations were formulated which would relate the 
rates of transfer mto and out of the an tenor chamber to the ratio of concentra- 
tion of a substance in the aqueous to that m the blood at vanous intervals after 
its introduction into the blood The explanation of equilibrium ratios above 
and below one for aqueous constituents is made apparent from the mathe- 
matical formulations For each substance tested a determination was made of 
the best fit when the concentration in the aqueous humor is plotted against 
time This fit was obtained by plotting the rate of transfer in against the 
rate of transfer out of the anterior chamber for all of the experimentally 
found concentration ratios on the basis of both the ultrafiltration and secretoiy 
hypotheses Two sets of values were obtained from these calculations, one 
set for each hypothesis 

The substantial agreement of all the experimental data with an assumed rate 
of l eaka ge out of the anterior chamber of approximately 4 c mm per minute 
was shown to be compatible only with the idea that all the monovalent electro- 
lytes tested entered the anterior chamber as a result of secretory process It 
could not be decided from these chemical studies whether the non-electrolytes 
and the one multivalent electrolyte tested enter the anterior chamber by ultra- 
filtration or secretion 

Experimental findings from other sources were cited which would suggest 
that non-electrolytes enter the anterior chamber as a result of ultrafiltration 
The implications of the mechanism outlined in the paper with respect to 
intraocular pressure have been discussed 

Supplementary evidence from the literature has been given in support of 
the conclusions presented here 
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pH AND PROTYROSINASE 


into tyrosinase ) 0 3 ml of 0 4 per ceDt tvramine hydrochloride was placed m the 
side bulb of each Bask Alter equilibration in a water bath at 24 9°C the contents 
of the flasks were mured The reciprocal of the time for the uptake of the initial 
lOO/d of oxygen was found This specific reaction \ elocitv for that anah sis of the 
control in the presence of sodium dodecy I sulfate was given the value of unitv Differ- 
ent!} treated portions of the same extract were compared on the basis of the relation 
which their specific reaction velocities bore to that of the control 

RESULTS 

The set of curves in the upper part of Fig 1 describes the attainment of 
equilibrium among protyrosinase, tyrosinase, and inactive products at various 
pH values from 4 40 to 10 60 The upper cun e in each member of this repre- 
sentative set pertains to the sum of the relative amounts of protyrosinase and 
tyrosinase which exist during exposure to any one pH Each of the lower 
curves is determined by the relative amount of tyrosinase which is produced by 
the pH treatment When either both curves or the upper curve decline toward 
the abscissa, as at pH 10 60 or 4 40, it seems that inactive products are being 
formed m the one case from tyrosinase and protyrosinase and m the other 
from protyrosmase alone After some 3,000 minutes, equilibrium values seem 
to be attained Curves A and D (Fig 1), constructed from a total of 24 such 
equilibrium values, may be called pH stability diagrams of protyrosmase 
The left hand limb of cun e A portrays the shift of protyrosmase into inactive 
products, whereas the right hand limb from pH 9 30 to pH 10 34 records the 
inactivation of both protyrosmase and tyrosinase There seems to be a mix- 
ture of tyrosinase and protyrosmase at the latter hydrogen ion concentrations, 
since the ascending and then descending parts of cun e D record the shift of 
protyrosmase into tyrosinase and thence into inactive products The activa- 
tion of protyrosmase by treatment with high hy droxyl ion concentrations seems 
to be irreversible A sample of protymosmase which had been exposed to pH 
10 08 for 1460 min utes showed no reversion of tyrosinase to protyrosmase for 
so long as some 3,000 minutes at 25°C after low enng the pH to 6 72 by adding 
phosphate buffer 

Since a tyrosinase results from exposure of protyrosmase to high hydroxyl 
ion concentrations, it seems necessary to see whether this “new” tyrosinase 
resembles that produced by other methods Its therroolability and sensitivity 
to cyanide and diethy ldithiocarbamate w ere therefore tested This tyrosinase 
w as destroy ed by heating at 90°C for 5 minutes It w as completely poisoned 
by IX 10 — cyanide or diethy ldithiocarbamate These characteristics 
prov ed to be identical w ith those of tyrosinase produced by the action of sodium 
dodecy 1 sulfate 

The pH stabilitv diagram of heat produced ty rosmase is indicated by curves 
B and C which were constructed according to the procedure described in the 
legend of Fig 1 Because of some heat inactivation, cun e B, throughout most 
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of its course, is at a lower level than curve A. Although the heat treatment 
produced 0 6 tyrosinase (curve C), it also resulted in the destruction of 0.2 of 



Frc. 1 The effect of exposing protyrosinase to various hydrogen Ion concentrations 
at 25°C. The ordinates are the ratio of the specific reaction velocity to that of the 
control tube. The absassae for the upper set of curves are given in thousands of 
minutes. The abscissa for the lower curves is given in pH units. Each pair of the 
upper curves was constructed from data of the analyses performed on pro tyrosinase 
which had been exposed to the indicated pH. The upper member of each pair shows 
the activity obtained in the presence of sod cum dodecjl sulfate, whereas the lower 
member shows the activity in the absence of dodecyi sulfate. Equilibrium values 
from the upper members were used m constructing curve A Shnflxr values from the 
lower members were used for curve D The foregoing procedure was also used in 
constructing curves B and C for heat produced tyrosinase. 

the mixture of protyrosinase and tyrosinase (curve B) The right hand limbs 
of curves B and C apparently coincide with those of curves A and X) This 
coincidence is probably due to the fact that m these cases only tvxoslnase was 






STUDIES ON THE METABOLISM OF THE AUTOTROPHIC 
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HI The Nature of the Energy Storage Material Active in the 

CheMO SYNTHETIC PROCESS 
Bt K G VOGLER and W W TJMBREIT 
( From the Department of Agricultural Bacteriology University of Wisconsin, Madison) 
(Received for publication June 29 1942) 

The most striking result of a study of the process of chemosynthesis (synthe 
sis of all materials from COj using chemical energy obtained by oxidation) 
in the autotrophic bacterium, TJncboaUus tlnooxidans , was the ability of the 
cell to store up the energy derived from sulfur oxidation in an available form 
which could be used for COi fixation under conditions m which sulfur oxidation 
was impossible (Vogler, 1942) This ability to store the energy of sulfur oxi 
dation m the cell seems to differentiate the process of chemosynthesis from that 
of photosynthesis except that definitive experiments m photosynthesis are not 
yet available It was of considerable interest to determine the nature of this 
readily available storage product The data contained in this paper show that 
the oxidation of sulfur is directly coupled to transfers of inorganic phosphorus 
from the medium to the cells They also show that COi uptake is coupled to 
transfers of inorganic phosphate from the cell to the medium and that COj 
fixation is dependent, m the absence of concomitant sulfur oxidation, upon the 
amount of phosphate previously taken up during sulfur oxidatioru These 
relationships strongly suggest that the energy Btorage product is a phosphoryl 
ated compound and that the energy is stored m the cell as phosphate bond 
energy {cf Lipmann, 1941) Such a finding relates the process of energy stor 
age and transfer m the autotrophic bacterium to that of heterotrophic organ 
ism s (cf Kalckar 1941 , Lipmann, 1941) 

experimental 

It was observed m several experiments that ThtobadUus iktooxtdans does 
not take up or release significant amounts of inorganic phosphate during sulfur 
oxidation by resting cells m the presence of CO* During respiration in the 
absence of sulfur there were small changes in the le\ el of inorganic phosphate 
m the medium and during prolonged endogenous respiration considerable 
phosphate appeared m the medium. It was then found that during sulfur 
oxidation m the absence of COj, inorganic phosphate was ta k en up by the cells 
These occurred in such a manner that they might be related to the chemosyn 

* This work, was supported by the Wisconsin Alumni Research Foundation 
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thetic process and with the development of accurate methods for estimating 
the C0 2 fixation (Vogler, 1942) and phosphate (O’Kane, 1941) it became pos- 
sible to study more closely this phosphate metabolism A number of experi- 
ments were done Ultimately, however, the several factors involved must be 
studied simultaneously An experiment in which this was done is illustrated 
in Fig 1, based upon the data of Table I which also includes other information 



Fig 1 Phosphate changes dunng respiration and CO" fixation bv T/itobacillus 
llnoondans See text 


which it is not convenient to illustrate in the figure The experiment is de- 
scribed briefly below 

Ex pen went I — To a suspension of 8 daj old cells m distilled water, KH2PO4 was 
added to obtain a final concentration of 23 7 micrograms phosphorus per ml 100 ml 
of this suspension (containing 16S micrograms nitrogen per ml as bacterial cells) w ere 
aerated with air for 44 hours Samples of 4 ml were remoxed at intenals, mixed 
with 1 ml trichloroacetic acid (100 per cent), and centnfuged In the supernatant 
fluid inorganic phosphate was determined on duplicate 2 ml samples bx the method 
of Fishe and Subbarrow (O’Kane, 1941) This method uses the Ex ehn photoelectric 
colorimeter and determines orthophosphate in amounts of from 10 to 80 micrograms 
w ith a minimum precision of 0 4 micrograms 

On samples of 3 ml drawn at the zero hour (point A in Tig 1) and after 24 hours 
aeration (point B, Fig 1) the endogenous respiration and the CO" uptake were deter- 
mined After 24 hours aeration three samples of 5 ml were placed in Dixon-Keihn 
flasks and 1 ml of a sulfur suspension \ as added per flask 
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To 20 mL of the remaining stock suspension 4 mL sulfur suspension was added and 
the aeration wub continued with COrfree air During this treatment Inorganic 
phosphate disappeared from the medium until after 4 hours a sample was taken and 


TABLE I 

Phosphorus Ciangts dttrirt[ Res pv alum of Tiddxuttlus Tkiooxtdam 
Aeration in the absence of sulfur 


Hoccri 

InorpLnkP 
per ml 

Stsmkrd 

deviation 

Qo,(N)In 
tbcence of tolfor 


Stcapks 


m Untrswu 





0 

13 7 

0 1 

8 2 

15 0 

A 

3 

23 7 

0 1 




6 

23 0 

0 0 




9 

24 5 

0 1 




12 

29 4 

0 1 




24 

30 0 

0 1 

2 0 

0 0 

B 

30 

31 9 

0 1 




36 

32 4 

0 0 




44 

33 6 

0 1 





20 mL sample removed at B plus 4 mL sulfur suspension 


That 

Treatment 

Hour* 

IoorsankP 

8 tamUrd drriatke 

24 

Air no COj 

0 1 

30 0 

0 1 

28 

Air- no COi 

4 

27 7 

0 1 

29 

CO* only 

5 1 

29 5 

0 0 

30 

COj only 

6) 

30 0 

0 1 


Samples in Dixon Keflin flasks 


On 

Pbuc 


Flask I 5 mL 
mnpJs B + 1 
ml. wl/ur 
nepemSoQ 

FUsk2u 
fUsk 1 

HukJu 
fiufc 1 

FUsk 4 5mJ 
Sample A+l 

ml mlfnx 

wapeiufcw 

Air 1 

Time of oxidation 

2 hra. 

4 hr*. 

6 hrs. 

6 hr*. 


COi uptake 

220 pL 

640 pL 

1070 pL 

1650 pL 


Initial POrP 

30 0 

30 0 

30 0 

23 7 


Final POt-P 

29 5 

28 0 

27 5 

19 8 


POrP uptake 

0 5 

2 0 

2 5 

3 9 

H. 

l COj uptake 

SlfL 

72 pi 

80 pL 

125 pt 


AH data on phosphorus in term* of micrograms phosphorus per 168 mfcrogmms bacterial 
nitrogen. Oxygen uptake and COj uptake recorded per 168 micrograms bacterial nitrogen 
* Standard deviation of the mean. 


COrfree air was replaced with a stream of Orfree COi Samples then were taker! 

after 1 hour and after hours (solid line from point B Fig 1) 

The three samples in Dixon KeHin flasks were placed In the Warburg apparatus 
and at fntervals the Oj uptake was determined and a 3 ml sample drawn from one 
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flask for a phosphate determination This flask was then placed back in the Warburg 
and its atmosphere replaced with hydrogen After 1 hour, when the lack of uptake 
indicated the absence of O 2 , CO 2 was added in known amounts CO 2 uptake occurred 
in all flasks The amount of CO 2 uptake under hydrogen is shown in the bar graph 
of Fig 1 

The addition of the sulfur suspension m the early part of the experiment altered the 
concentrations of cells and phosphate All data on phosphate have been calculated 
back, however, to the original suspension of 168 microgram N /ml The data used in 
the figure plus certain other information that cannot be recorded conveniently in the 
graph are given in Table I 

The data show that endogenously the cells released phosphorus in an inor- 
ganic form after the first 6 hour period during which no change was apparent 
When the suspension was supplied with sulfur and aerated with COrfree air 
(solid line-point B) there was an uptake of morgamc PO 4 When oxygen was 
removed, however, and replaced by pure CO 2 (from 28 to 31§ hours) this PO< 
was agam released It was released rather rapidly, most of it appearing m 
the 1st hour, which correlates well with the observations m the previous paper 
(Vogler, 1942) which show that most of CO 2 uptake m the absence of sulfur 
occurs in the 1st hour There is thus a strong indication that this phosphate 
release is connected with CO 2 synthesis which is occurring m the absence of 
oxygen 

Even more significant are the data obtamed m the Warburg flasks At 
point A the suspension placed on sulfur took up 1650 pi O 2 (per 168 micro- 
grams cell nitrogen) over a period of 6 hours m the absence of C0 2 (Qoj(N) = 
1635) During this time 3 9 micrograms of phosphorus (per 168 micrograms 
cell nitrogen) were taken up as well After 24 hours aeration (at point B) the 
suspension took up 220, 640, and 1070 pi O 2 (per 168 micrograms cell nitro- 
gen), after 2, 4, and 6 hours, respectively, on sulfur m the absence of CO 2 
Dunng these periods 0 5, 2, and 2 5 micrograms phosphorus were taken up 
That is, m both of these cases dunng sulfur oxidation (in the absence of C0 2 ) 
phosphate -was taken up by the cells When these cells were placed in an 
atmosphere of hydrogen free from oxygen (so that there could be no further 
oxidation of the sulfur) and C0 2 was supplied, the CO 2 uptake was proportional 
to the phosphate that had been taken up previously The actual figures show 
that close to 32 pi CO : were taken up per microgram of phosphorus Since 
22 4 pi CO» is equal to 1 micromol, and since 31 micrograms of phosphorus 
equal 1 micromol, the molar ratio of CO 2 /PO 4 = 44 The data on phosphorus 
uptake in this senes, howex er, are really not suitable for such calculations since 
the suspensions were heavy As a result only a small part of the cells was 
attached to sulfur whereas the majonty were m suspension and continued to 
liberate phosphate This probably accounts for the low phosphate uptake 
obserxed dunng the first 2 hours (point B) and also explains the rapidly in- 
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creasing rate of 0* uptake (Qo,(N) at point A 1635, at B, 2 bonis 655, 4 
hours 950, 6 hours 1060) 

There is one point that needs re-emphasis , namely, that the CO* up take in 
the absence of oxygen is proportional to the POi token up during the previous 
oxidation and not to the time through which this oxidation occurred For 
example, m the samples taken at point B, there was not much difference be- 
tween those oxidations taking place for 4 or 6 hours with respect to either 
PO< or COj taken up It therefore appears as though there were a limited 
amount of the energy storage product and that under the physiological condi- 
tions existing at B, this became almost saturated m 4 hours. It is apparent 
that the energy storage product formed during sulfur oxidation is related to 
the phosphorus changes. 

It has previously been mentioned (Vogler d al , 1942) that under the condi 
tiona of our experiments most of the cells are m contact with the sulfur particles 
when the concentration of bacterial nitrogen is 20 micrograms per ml. (Qo, 
(N) becomes constant at a high level) Since the method of phosphorus 
determination is most accurate over a range between 10 and 70 micrograms 
(precision 0 4 micrograms) and since the amount of phosphorus exchanged is of 
the order of 3 to 4 micrograms phosphorus per 200 micrograms of bacterial 
nitrogen, large samples of dilute suspensions are necessary for phosphorus 
determinations. Moreover, a determination of the percentage of the cells 
attached to the sulfur is necessary This latter may be accomplished by 
measuring the turbidity of the fluid after the sulfur (and attached organisms) 
have settled and is most conveniently expressed in terms of bacterial nitrogen 
An experiment conducted with these principles in mind gave results as follows 

Experiment II — A suspension of 8 day old cells in a phosphate solution was diluted 
so that it contained 20 micrograms bacterial nitrogen per ml and adjusted to 20 
micrograms per mk phosphate This suspension was kept overnight for 12 hours at 
room temperature in order to allow any diffusion effects to come to equilibrium. 60 
ml of this suspension were then pipetted into 124 ml Warburg flasks, and sulfur was 
added Aliquotes of 10 mk were withdrawn at the intervals indicated in Table II 
for determinations of inorganic phosphate, and cells not attached to sulfur 1 ml 
trichloracetic acid (100 per cent) was added after the turbiditj due to unattadnJd 
cells had been determined and the samples were kept In the refrigerator until the 
experiment was complete when inorganic phosphate was determined on all sunul 
taneously 

The sulfur settled out to the bottom of the flask when the flasks were not shaken 
the samples therefore were virtually free from sulfur particles which might interfere 
with the determinations and the} contained only cells suspended in the medium, but 
none attached to sulfur particles 

Sulfur oxidation was measured within 20 minutes after the sulfur had been added 
The Ot uptake during those 20 minutes ma\ be disregarded After sulfur oxidation 
bad continued for 3 hours the flasks were aerated with Hj for 1 hour then^with Nt 
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for another hour The absence of 0 2 was apparent from the lack of uptake Known 
amounts of CO 2 were then added to give a concentration of about 2 per cent COj A 
control containing no sulfur was earned through the same procedure 

It is apparent (Table U) that some time after the 1st hour most of the cells 
became attached to the sulfur smee the nitrogen content of the supernatant 
fluid (measured by cell turbidity) dropped from the original 20 micrograms per 
ml to 3 5 micrograms 

During the 1st hour there was accordingly no uptake of phosphate and little 
of oxygen During the next 2 hours the cells attached themselves to the sulfur 
and from the average amount of cells attached (16 5/2=) 8 3 micrograms 
bactenal nitrogen per ml , one can calculate that the average Q 0 .(N) of the 
cells over this period was 1253 


TABLE n 


Phosphorus Changes during Respiration and Chcmosynthesis by Thiobactllus Thiooxtdans 


Time 

Vol 

Gas phase 

With sulfur 
gas uptake 

N per ml 

PperlOml 

Without 

sulfur 

microgram 

P per 10 
ml 

hrs 

ml 


Ml 

mtcrotrams 

microtrams 


0 

60 

Air, no CO; 

— 

eh 

33 7 

33 7 

1 

50 

(( 


■III 

34 1 

— 

3 

40 

<< 

1 

3 5 


34 0 

5 

20 

Hjlhr 

■ 

2 5 

29 9 

34 0 



N; 1 hr 





7 

20 

N; 2 per cent CO 2 


1 2 

32 9 

34 2 


During the next 2 hours, m which there was no oxygen available, there was 
no gaseous uptake and very little phosphate change (0 3 micrograms per 10 
ml ) which is about the limit of the analytical method and which could be 
accounted for by the oxygen uptake occurring before the hydrogen has entirely 
replaced the air As soon as all the oxygen was removed, there was no further 
uptake indicating that hydrogen is inactive m this organism In order to be 
sure that the hydrogen was not combining with the CO; it was replaced by 
nitrogen before the CO; was added, although m other cases this replacement 
was not necessary and hydrogen appears to be as inert as nitrogen for this 
organism During this period a few more organisms attached themselves to 
the sulfur These probably played no part in the phosphate changes since 
they had no opportunity to replenish their phosphate or energy stores even m 
the presence of sulfur since there was no oxygen axailable for oxidation 
From the results of both experiments it is apparent that 
1 During sulfur oxidation m the absence of C0 2 , inorganic phosphate is 
taken up by the cells It thus appears that the sulfur oxidation is coupled 
with the phosphate intake 
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2 During COj fixation PO* is released in an amount proportional to the COj 
fixed. It thus appears that the COj fixation a coupled with the release of 
phosphate 

Prom this information one is able to conclude that the energy reservoir 
accumulated in the cell by sulfur oxidation and usable for COj fixation if COj 
is available, is a phosphoiylated compound (or compounds) 

Qualitative vs Quantitative Interpretations 

We have bo fax confined oar attentions to the qualitative aspects of the phosphate 
exchange These we feel are justified since we are working with intact living cells, 
m which the phosphate exchanges are not stoichiometncally related to energy or even 
to phosphate transfers because sources of phosphate other than inorganic within the 
living cell may be changed from one energy level to another without apparent change 
in the phosphate contents of the cell or surrounding menstruum- However, it is 
possible to show that there is a quantitative relationship between the phosphate and 
the sulfur oxidation and between the phosphate and the COj fixation. Both expen 
merits show that it takes about 70 to 80 mols of oxygen to take up 1 mol of phosphate 
and that the release at 1 mol of phosphate fixes from 40 to 50 mols of CO* For 
example in Experiment II dunng the time of oxidation 21 pL of Oj were taken up per 
ml of suspensions and 039 microgram of phosphorus disappeared giving a molar 
Oi/POi ration of 74 Similarly 10 pL of CO* were fixed per ml and 0.3 microgram 
P0 4 -P vras released giving a molar CO* /TO 4 ratio of 46 If these ratios be calculated 
upon the basis of the number of organisms actually in contact with sulfur they are 
slightly modified to O2/PO4 - 72 COa/PO« - 47 

Such ratios are useful in two way*. First from them one can calculate the Ot/COj 
ratio (1 58 1 53) which can be compared with the ratio available from thennody 
namic calculations (1 49) In this case therefore, it appears that a little more oxygen 
has been used than should have been thermodynamically necessary, but the efficiency 
appears very high These calculations are included to show that even on a qoantita 
tive basis there are relationships between the Oi the CO2, and the PO* which bear a 
reasonable resemblance to what would be expected At the present state of our 
knowledge we cannot be certain that the values are real The agreement between 
the thermodynamic and experimental values may be entirely fortuitous. For ex 
ample one cannot be certain from the data available that the autotrophic bacterium 
has converted the fixed COj into carbohydrate which is the compound used for ealeu 
la ting the thermodynamic ratios 

A second use for these ratios is the determination of the phosphate bond energy 
(c/ T-ip mnnn 1941) If it requires 72 mols of Ot for each mol of PO* then the phos- 
phate bond would contain 5 688 000 calorics since each mol of oxygen can liberate 
79 000 calories of free energy from the oxidation of sulfur If 47 mols COi are ayn 
thesized to carbohydrate b> 1 mol PO< the phosphate bond energy would be 5 952 000 
The energy rich phosphate bonds in heterotropbic tissues contain ca 10 000 caloner 
and there is no reason to believ e that the ones produced here arc any different. Th 
high energies calculated therefore indicate that the phosphate changes measure 
are onl> a portion of those which actually occurred. This is due to twojacion 
One, since the measurements are made on the inorganic phosphate in ^ 
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surrounding the cell, and since this organism is not sensitive to acid (it w ill respire for 
almost an hour in 5 per cent trichloroacetic acid) the permeability of the cell mem- 
brane becomes an important factor One can, upon the basis of the assumption of 
a Donnan equilibrium, calculate the “real” phosphate changes, but these calculations 
involve so many assumptions that at the present time it does not appear north while 
to include them Two, there is evidence for a whole senes of phosphorvlated com- 
pounds m the autotroph (O’Kane, 1941) and the phosphate energy earner formed 
during sulfur oxidation would, in all probability, be in equilibnum with these other 
esters Its formation during sulfur oxidation would result in a shift m the concen- 
trations of a number of phosphorylated compounds, all of which are not detected m 
the changes m inorganic phosphate Attempts to measure these other compounds 
have been limited bv the lack of suitable micro-methods The phosphate taken up 
during sulfur oxidation is thus probably passed on (at least m part) to other phos- 
phorus compounds and is probably not immediately released as inorganic phosphate 
dunng COi fixation In fact the data suggest that the phosphate uptake occurs after 
the active phosphorus compounds in the cell have been raised to a high energy lev el 
The rate of uptake at point B (Fig 1) for 2 hours and 4 hours is suggestive of this 
phenomena Also, the cells at point A (Fig 1), although already containing the 
energy earner (as evidenced by their ability to fix COs in the absence of sulfur, see 
Table I), still had the capacity to take up further phosphate, which is in accord with 
the conception outlined above Many of the phenomena concerned with young and 
old cells are readilv explainable upon this basis The breakdown of organic storage 
products occurs only when the depletion of the energy earner compounds requires a 
shift m the equilibnum of the whole system and proceeds only as far as is necessary 
to establish the overall equilibnum Thus, “young” suspensions, being high in 
energy earner compounds, have a very low endogenous respiration Dunng sulfur 
oxidation energy -nch phosphate bonds are accumulated resulting m a general increase 
in phosphorylated compounds and a concomitant increase in the energy level of many 
cell constituents as well as an increase in their amounts Johnson (1941) has em- 
ploved a somewhat similar concept for the explanation of the Pasteur effect in hetcro- 
trophic tissues 

Phosphate Inhibition 

The previous sections have indicated that the energy from the sulfur oxida- 
tion can be converted to energy of phosphorylation This does not go on 
indefinitely, however, and only a certain amount of phosphate is taken up 
Yet, in the Warburg flask, sulfur oxidation goes on for hours at a constant 
rate in the actual absence of CO; While it is conceivable that the energy 
built up in the form of the phosphorylated energy compound could be used in 
other cell activ lties, c g synthesis of nitrogenous compounds, etc , in the ab- 
sence of CO» and available nitrogen these synthetic actions could not account 
for a continued sulfur oxidation It is therefore difficult to see how sulfur 
oxidation could continue at a constant rate in the absence of carbon dioxide 

One possible explanation of this experimental fact would be that the energy 
of phosphorylation is continually dissipated by the phosphotases of the cell 
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and that these agents therefore permit continued, sulfur oxidation. It is 
sometimes possible to inhibit phosphotases by means of inorganic phosphate 
The inhibition is thought to be due to the competition, between the substrate 
and the phosphate for the enzyme If the breakdown of the phosphorylated 
energy storage material by phosphotases is the explanation of continued sulfur 
oxidation m the absence of carbon dioxide, it should be possible to inhibit 
sulfur oxidation by increasing quantities of phosphate when carbon dioxide is 
absent but sulfur oxidation should not be so inhibited m the presence of car 
bon dioxide 


TABLE m 

The Inhibitory Faffed of Phosphate on Sal fur Oxidation 


FUlk* contain far* 3 ml •njpen- 
»km of 20 mlcrocTunj bacterial 
nltxojtn per mL 

Before addition of COt 
Q 0 ,CN) 

CO, 

added 

CO, 

taken op 

Cb 

taken op' 

Total 

uptake 

Qo,+ 

Qco»tfb 




pL 

Pi 

Pi. 

pi 


2 w KHjPO* 

20 1 

0 

184 

74 

7 

81 

670 

0 2m KHjPO* 

640 

380 

168 

103 

181 

284 

2380 

0 02 u KHjPCu 

TOO 

720 

238 

121 

174 

295 

2480 

0 0002 u KH 1 PO 4 

1610 

1640 

206 

29 

250 

279 

2320 


JO-W min. 

IkMW 

Ora 2 hr -prriod 3 W-AJ0 min 


ft) I 

(3) 

« 1 

<*> | 

(!) | 

<» | 

0 ) 


Ccunleroctlnt Possible Osmotic Influences 


Fluk* tin tom? vMpa ai oa 



| Qo,W 

0 5m KHsPO. + 0 m Mg SO. 

225 

210 

0 1 u KHiPO. + 0 4 M MgSO. 

740 

970 

0 02 u KHjPO. + 0 48 u MgSO. 

760 

1060 

0 001 u KHjPO. + 0 496 u MgSO. 

960 

1170 


0-30 min. 

iS0-5 10 raW. 


Experiment III —Young cells with a low level ot endogenous respiration (suspen 
lion harvested from an 8 day old culture) were suspended with sulfur in solutions o[ 
KHjPOi of different concentrebonj at pH 4 8 Each flask contained 3 ml suspen 
slona containing 20 miCTOgrams of bacterial N /mi The Qo,(N) values were obtained 
with K.OH in the center cup from 30 to 90 minutes after the cells had been suspended 
in the phosphate solution and in the 3rd hour after that tune. Immediately there 
after strong HiSO. was added to neutralize the KOH in the ccntercups. COs waa 
added to each flask in a known amount and the uptake of COi and Os measured during 
the next 2 hour period. 

The data obtained are contained in Table DT 
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It is apparent that the rate of sulfur oxidation is inhibited by higher phos- 
phate concentration, as was postulated m the previous discussion Two molar 
KH2PO4 was perhaps introducing other effects, but the lower quantities show 
the effect clearly (particularly column 2) If C0 2 be supplied, however, which 
provides an alternative use for the energy storage material, the phosphate inhi- 
bition is overcome and the total uptake (column 6) is virtually constant After 
CO2 had been added approximately equal quantities of this gas were taken up 
m presence of phosphate (column 4) and far less in the suspension containing 
only 0 0002 m phosphate (cells without added PO4) 

Since it is possible that the observed effects might be due to osmotic relations, 
an experiment was done in which the osmotic pressure was held constant by 
additions of MgSCU (lower part of Table HI) but the same effects were noted 
(? e , lower sulfur oxidation with mcreased phosphate) 

We therefore feel that the continued oxidation of sulfur m Warburg flasks 
m the absence of C0 2 is due to the contmual release of inorganic phosphate by 
the phosphotases in the cell These can be inhibited by increases m the phos- 
phate content of the medium which thereby inhibits sulfur oxidation If CO* 
is supplied it serves as an alternative use for the PO4 coming from sulfur oxi- 
dation and relieves the phosphate inhibition This provides further evidence 
that PO4 is concerned both in sulfur oxidation and m C0 2 fixation 

SUMMARY 

In the autotrophic bacterium, ThwbaciUus thwoxidans, the oxidation of sulfur 
is coupled to transfers of phosphate from the medium to the cells CO; fixation 
is coupled to transfers of inorganic phosphate from the cells to the medium and 
is dependent, m the absence of concomitant sulfur oxidation, upon the 
amount of phosphate previously taken up during sulfur oxidation The energy 
reservoir, which is formed by sulfur oxidation m the absence of CO; and which 
can be released for the fixation of CO 2 under conditions which do not permit 
sulfur oxidation, is a phosphoiylated compound and the data suggest that the 
energy is stored in the cell as phosphate bond energy It is possible to oxidize 
sulfur at a constant rate for hours in the absence of CO; The phosphate 
energy fonned during this process is probably released by cell phosphotases 
It is possible to inhibit these phosphotases by means of inorganic phosphate 
and thus to inhibit sulfur oxidation in the absence of CO; In the presence of 
C0 2 , where alternative uses for the phosphate energy are available, the inhi- 
bition is relieved Sulfur oxidation (energy input) is coupled, not to CO; 
fixation, but to phosphate esterification CO; fixation (energy utilization) is 
coupled with phosphate release 
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INTRODUCTION 

Investigation o£ the problem of aging has been handicapped by the lack of a 
"yardstick” for evaluating the process of aging Chronological age is an un 
satisfactory standard because of the large variation between individuals and 
because it does not exdude irrelevant changes or secondary effects of aging 
As was previously stated (1), 'the increasing death rate appears to be the only 
manifestation of aging which, during adult life, shows wide changes that are 
subject to accurate measurement ” Hence some measure of the acceleration 
of death rate should be useful in the study of aging 

Longevity (either mean or maximum life span) has been used as a measure 
of aging However, longevity depends upon at least three other variables 
first, the intrinsic death rate (JP« m equation 1) from those diseases which even 
tually kill the animals second, the rate of increase in mortality with age (k 
which in turn, depends not only upon the aging process but also upon the indi- 
vidual variability) and, third upon any influence which the experimental 
treatment may have upon specific diseases (change in P%) A given treatment 
mav increase the experimental life span without influencing the rate of aging 
Hence longevity u not a true criterion of aging 1 Moreover, experiments on 
longevity require years for completion. 

* This work has been aided bj grants from \\ R. Warner & Co and from the John 
and Mary R. Markle Foundation. The author Is also very grateful to Dr C. A 
Slanetx and to the Department of Animal Care for furnishing the rats used in 
this investigation. 

1 An equation for longevity can be obtained from equation (1 o) b> substituting 
— d N IN dt for Pt and integrating This gi\es us 

w - 1 o »[f.i°*-(w) + 1 ] 

This ma y be converted into logarithms to the base 10 (where km ■■ 0 434 k ) 

{ JmUuU uttimui n JtUrrim j *Jt«) 
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penment because it is a death involving the vascular system and one which 
can be regulated and measured The technique was carefully planned, then 
subjected to initial tests and improvements before the data herewith reported 
were obtained. 

Method oj Bleeding 

Rats must not be subjected to rough handling or disturbing noise on the day they 
are to be bled A cage containing a litter of rats of known age Is brought gently into 
the room and allowed to stand without disturbance for an hour or more before the 
bleeding la started 

One of the rats is then gently placed in a 3 liter beaker having a cover A wad of 
cotton (about 3 gm ) Is treated with about 10 mL of ether and dropped into the beaker 
When the rat is completely anesthetized it is fastened to the bleeding board shown in 
Fig 1 The rat's legs are held out with loops of heavy cotton string attached to 4 
inch lengths of brass ladder chain which are hooked over brads on the board and can 
be easily adjusted The head is held still by means of a wire loop attached to ladder 



Flo 1 Rit during bleeding The right juEulsr vrm ' evmd blood 

flowing from the distal portion The board a 8* by 12 inches. It has a trough 2 
Inches wide bw } Inch deep and has a triangular piece of metal (for which wood could 
be substituted) at thefront to hold the post to which the rat’s head is hitched 
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chain The loop fits over the rat’s head and is caught behind the upper fangs A 
small wad of cotton, saturated with ether, is placed near the rat’s nose to maintain 
an anesthesia just sufficient to prevent struggling 

The shin over the throat is slit longitudinally with scissors and the flaps are pulled 
up, by means of clamps and elastic bands, to form a pocket s If the jugular veins 
are hidden by fibrous tissue this is gently dissected to expose the veins and to permit 
free flow of blood 

Dry heparin (about 25 mg ) is then sprinkled m the pocket and on the vein which is 
to be cut With small scissors one jugular vein is then severed at a point as proximal 
to the heart as possible At the moment of cutting the assistant presses a stop watch 
or notes the tune in order to have a record of the duration of bleeding A rapid flow 
of blood is obtained at first and this blood is quickly mixed w ith the dry hepann by 
the assistant using a pipette with a rubber bulb (similar to a long medicine dropper) 
The assistant then transfers the blood, by means of the pipette, from the pocket to a 
weighed tube capable of holding 15 to 20 ml A graduated centrifuge tube can be 
used (and weighed by suspending m a w ire nng of known weight, preferably 1 000 
gm ) A weighing bottle can be used but a graduated vessel gives the worker a better 
opportunity to gauge the progress of the bleeding A graduated vial is shown m Fig 1 
The initial rapid flow may last 1 0 to 1 5 minutes and may yield 3 to 6 ml , or more, 
of blood By manipulation of the vein with ins forceps an attempt is made to keep 
the blood flowing slowly but constantly so that the rat will die m B to 10 minutes 
This is not always easy The vem often closes at its open end and it is necessary to 
cut off a small portion of the distal vem More hepann is always sprinkled on the 
tissue before a vein is cut and it is well to have, already prepared, three or four small 
tubes each containing about 25 mg of pow dered heparin 

After several minutes it maj' no longer be possible to obtain more blood from the 
first \ ein The other jugular vem is then se\ ered, first pro\imally, then toward the 
head, as necessan If both veins fail to yield enough blood to kill the animal in 12 
to 15 minutes one of the carotid artenes is cut This can be reached by pushing aside 
the muscles close to the clavicle How ever, the vagus stimulation (w hether the vagus 
is se\ered or whether it is merel} dissected away from the artery) is apt to stop the 
heart at this stage and onh 2 or 3 drops of blood w ill be obtained Hence, it is best 
to aioid cutting the carotid arteries 

The animal is not considered dead until the time when both the respiration and 
heart ha\e stopped and remain stopped for at least 2 minutes afterwards It is not 
important that the exact moment of death be known The important information is 
the amount of hemorrhage required to produce death The time of bleeding is kept 
w ithin certain limits mereh to standardize the conditions 

\fter death the blood is weighed (IFi,) and the animal is weighed (IF a ) The 
w eight oi the animal before bleeding is ob\ iousl% equal to the sum of these tw o values 
Hence the “per cent hemorrhage,” or “grams blood per 100 grams bodv weight” is 
equal to 

100 n Weight of blood 
H o + II t Original weight of rat 

3 \ similar technique, forming a pocket in axilla of mice, was reported b> Kuhn (3) 



table I 

Data at Bkodtnz of ^NormaT’ JJnlrtaicd Rnlt 
The original -weights and calculations were carried out to four significant four«. the 
tut figure fa omitted in this tabic. ' 
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34 
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59 
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Si 
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51 

51 

51 

JO 

50 

50 

50 

50 

<0 
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113 

103 
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117 
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113 

1U 

112 ftm. 
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5 91 

4 12 

4 49 

4.15 

4 48 

4 48 

4J1 

4 47 

4.53 

4-02 
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-L». 13 
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20 

46 

47 

41 

49 

50 

51 

47 

« 

« 

45 

U 
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100 

100 

100 
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100 

100 

100 
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100 

100 

M0 
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257 

m 

507 

236 

279 

211 

231 

234 

227 

03 

254 

246 

245 cm. 

4 15 

5 76 

3 53 

3 *1 

5 50 

4 01 

4 07 

3 *3 

3 67 

4 03 

4 23 

3 76 

1 92p*r cant 

±4 19 

±9 95 

u- u- 

1 

s 

315 

155 

1H 

355 

561 

561 

357 

55S 

359 

159 
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315 

335 

153 day* 
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3 10 

3 M 

3 36 

4 17 

3 64 

4 11 

1 56 

3 59 

3 70 

3 65 

4 44 
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±1 11 

±« *4 

34 

644 

574 

3 73 
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54 
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644 
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415 day* 
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3 a 

3 W 
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26 

27 

2J 

29 

30 

51 

32 

53 
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«37 

877 

516 
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r* 

811 

821 

sn 

*24 day* 
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125 
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565 
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HI 
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3 12 

3 43 

3 06 

5 41 

3 59 

324 

3 T> 

3-32 

3 415 per cent 

tfc9J4 

±9 99 


^ »l»t» < 0 *ardtd. 

T means trmiW. Aflothcrswa mate*. 
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chain The loop fits over the rat’s head and is caught behind the upper fangs A 
small wad of cotton, saturated with ether, is placed near the rat’s nose to maintain 
an anesthesia just sufficient to prevent struggling 

The shm over the throat is slit longitudinally with scissors and the flaps are pulled 
up, by means of clamps and elastic bands, to form a pocket 3 If the jugular veins 
are hidden by fibrous tissue this is gently dissected to expose the vems and to permit 
free flow of blood 

Dry heparin (about 25 mg ) is then sprinkled m the pocket and on the vein which is 
to be cut With small scissors one jugular vein is then severed at a point as proximal 
to the heart as possible At the moment of cutting the assistant presses a stop natch 
or notes the time in order to have a record of the duration of bleeding A rapid flow 
of blood is obtained at first and this blood is quickly maxed with the dry heparin by 
the assistant using a pipette with a rubber bulb (similar to a long medicine dropper) 
The assistant then transfers the blood, by means of the pipette, from the pocket to a 
weighed tube capable of holding 15 to 20 ml A graduated centrifuge tube can be 
used (and weighed by suspending in a wire ring of known weight, preferably 1 000 
gm ) A weighing bottle can be used but a graduated vessel gives the worker a better 
opportunity to gauge the progress of the bleeding A graduated vial is shown in Fig 1 
The initial rapid flow may last 1 0 to 1 5 minutes and may yield 3 to 6 ml , or more, 
of blood By manipulation of the vein with iris forceps an attempt is made to keep 
the blood flowing slowl> but constantly so that the rat will die in 8 to 10 minutes 
This is not always easj The vein often closes at its open end and it is necessary to 
cut off a small portion of the distal vein More hepann is always sprinkled on the 
tissue before a vein is cut and it is well to have, already prepared, three or four small 
tubes each containing about 25 mg of powdered hepann 

After several minutes it may no longer be possible to obtain more blood from the 
first i ein The other jugular vein is then severed, first proximallv, then toward the 
head, as necessary If both vems fad to yield enough blood to kill the animal m 12 
to 15 minutes one of the carotid arteries is cut This can be reached by pushing aside 
the muscles close to the clavicle However, the vagus stimulation (whether the vagus 
is severed or whether it is merel> dissected away from the artery) is apt to stop the 
heart at this stage and only 2 or 3 drops of blood w ill be obtained Hence, it is best 
to avoid cutting the carotid artenes 

The animal is not considered dead until the time when both the respiration and 
heart ha\e stopped and remain stopped for at least 2 minutes afterwards It is not 
important that the exact moment of death be known The important information is 
the amount of hemorrhage required to produce death The time of bleeding is kept 
w ithm certain limits mercl} to standardize the conditions 

After death the blood is weighed (T V b ) and the animal is weighed (TFa) The 
w eight of the animal before bleeding is ob\ louslv equal to the sum of these tw o values 
Hence the “per cent hemorrhage,” or “grams blood per 100 grams body weight” is 
equal to 

100 IFt Weight of blood 

B „ -f 11 b = Original weight of rat 

3 A similar technique, forming a pocket m axilla of mice, was reported b> Kuhn (3) 
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RESULTS 

III Table I the results obtained with 47 “normal” rats which were all in 
apparently good health (except for three of the oldest animals 4 which, however, 
gave values dose to the mean for then- group) 

In Fig 2 the values are plotted It will be seen that m rats older than 100 
dayrs the amount of hemorrhage required to produce death drops with age, 
following an essentially straight line curve Because the young rats (50 days) 
obviously deviated considerably from those over 100 days, it would seem that 
up to 100 days the rats undergo “developmental changes” as distinguished 
from the subsequent “aging changes " 

The S24 day rats died with a degree of hemorrhage 12 per cent less than was 
required to kill the 100 day rats The 12 per cent change over a period of 
724 days may seem small compared with the tenfold (1000 per cent) increase 
in rat mortality from disease during the same age range However, the bleed- 
ing is expressed as quantity, whereas the mortality is expressed as probability 



Fig 2 Bleeding data of rats Small dots are individual values Large dots arc 
a\ erages in each age group The broken circles ba\ e radii equal to the standard 
error The S-shaped curves are “probabilitj integral” curves drawn relative to the 
mean values and based upon the standard deviation in each case 

4 Rat 27 had a 2 cm chronic ulcer on its right axilla Rat 29 had sev ere eczema 
and rat 30 had on its neck a cv st containing 20 ml of dear fluid 
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more (<f) the individual values can be correlated with autopsy findings on the 
changes in various tissues. It is to be expected that any change which In 
volves the underlying process of aging should give better correlation with indi- 
vidual bleeding values than with chronological age 
Thus death from a known measurable cnuse may serve as a yardstick in 
determining what observable changes institute the process o£ aging, and what 
treatments may alter the rate of agin§ 

Application oj Method 

« 

Effect of Underfeeding —As an illustration of the application of this method 
data are presented in Table II on several rats -which were given a restricted diet 
by L Pomerantz of the Department of Pharmacology They were less than 
half normal weight. The hair was thm and they appeared asthenic. How 
ever, their bleeding values were normal ior their age as may be seen In Fig 
1 where the square dots at 200 days give an average value which lies on the line 
for normal animals As far as can be concluded from so few animals the re- 
stricted diet had not affected their aging 


table n 

Ruts XJnitrfrd jor 84 J)aji by L, Pommmti 


R*t No. J 

A*» 

Wdffet 

Blood per 100 im. body 

Standard 

tkrUtioa 

SUadird 

mor 

V 

56 F 

37 F 

38 F 

39 F 

40 F 

Mean 

On 1 

(200) 

(200) 

(200) 

(200) 

(200) 

(200) days | 

tm. 

127 

132 

132 

153 

110 

137 gm. 

[M t+C€Hl j 

3 75 j 

3 70 1 

3 95 1 

3 76 

3 96 

3 82 per cent 

1 

±0 12 j 

±0 06 


F mean* female The ages are accurate within 6 day* 


DISCUSSION 

Any attempt to predict the results of future use of this method m the study 
of aging would be unwarranted Present circumstances as well as the scarcity 
of old animals will delay adequate work along this line Since aging u our 
most urgent medical problem (1) it is hoped that the use of this ‘yardstick 
Will facilitate its study It should be pointed out that for adequate mvestiga 
tions using this method, large continuous colonies ol rats should be maintained 
Under as favorable conditions as possible subjecting the animals to no rough 
handling or disturbing noise. 

The question may be raised a* to what ertent experimental error affects the 
bleeding values Apparently this error is refatre ely small since any correction 
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Nevertheless the bleeding values can be converted into probability of death as 
follows The standard deviation for each age group is calculated and with this 
value we can read from the curve in Fig 3 (see also the S-shaped curves in Fig 
2) the logarithm of the probability that a rat of a given age will die from a given 
degree of bleeding or less Thus for 3 6 per cent bleeding we may calculate 
that the probability of death for a 100 day rat is 0 045 while that for an 824 day 
rat is 0 73, or 16 times as great Hence the 12 per cent difference in bleeding 
level between these tv o groups is magnified into a 1600 per cent difference when 
converted into probability of death at a given level 

In Fig 4 it will be seen that when these results are plotted as logarithms of 
probability of death, curves are obtained which approximate the slope of the 
curve for spontaneous deaths of rats from disease Thus the linear physiologi- 
cal alteration (in resistance to hemorrhage) results in a logarithmic mortality 
curve This is partly because the log probability integral curve in Fig 3 is 
essentially linear within a limited range 

Significance of Results 

The above results are significant in that 

1 By an artificial known and measurable cause of death applied to normal 
animals of known age, we have reproduced the type of mortality curve found 
for spontaneous deaths from disease Hence, m so far as the increase in death 
rate w ith age results from an underlying process of aging, this process of aging 
appears to have been imolved in the cause of death which was used (hem- 
orrhage) 

2 The large logarithmic increase in death rate with age is shown to result 
from (a) a relatively small linear change m resistance to the cause of death, 
combined with ( b ) the effect of random individual variability These two 
components can be separately evaluated The change m resistance to the 
cause of death is small and linear (12 per cent change m the bleeding value) 
but involves the “underlying aging process ” The variability appears to 
change little with age but the combined effect of the two components (a and 
b) results in a large (16-fold) change in death rate with age The mortality 
cune is logarithmic partly because the probability integral approximates a 
logarithmic curve (see Fig 3) within a limited range 

3 As a tool in the study of the process of aging this technique offers hopeful 
possibilities 

(a) The cause of death can be altered by varying the bleeding technique, 
or by using asphyxia, anoxia, various toxins, etc if) The animals can be 
treated in \anous ways previous to the bleeding (administration of various 
drugs, hormones, diets, or removal of endoennes or other tissues, etc) (e) 
The individual bleeding levels can be correlated with degree of physiological 
functions (blood \olume, basal metabolism, kidney function, etc ) Further- 
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INTRODUCTION 

Ultrasonic, or supersonic waves as they are sometimes called, are mechanical 
vibration* in solid, liquid, or gaseous mediums lying above the range of human 
hearing They have been produced mechanically and electrically, ut ilizin g 
magneto-stnction and piezo-electric effects. The latter method is the only 
one which is adapted to the generation of ultrasound at frequencies above 500 
kc., which is the range most often used m biological work. It consists of pass- 
ing a high frequency electric current through a quarts plate, so that the latter 
expands and contracts in resonance with the alternations of the current passing 
through it, and emits ultrasound waves of a corresponding frequency 

The biological effects of supersound were first thoroughly studied by Wood 
and Loomis (1) in 1926-27 at Tuxedo Park, New Jersey They observed it* 
stimulating and lethal effects on unicellular organisms, tissues, small fish, and 
animals Since then, a host of subsequent investigators have expanded our 
knowledge regarding the thermal, chemical, and photochemical effects of ultra 
sound. Its dispersive power its ability to produce stable emulsions between 
immiscible fluids such as mercury and water, and its stimulating and destruc 
tive effects on virus, bacteria, potato shoots, and animal tissues t n rntro and 
tn tivo have also been studied 

To date, all biological and neurological applications of supersound have 
utilized plane waves, proceeding in parallel paths from the flat surface of the 
quartz crystal generator, and no attempt has been made to Increase their local 
intensity by brrngmg them to a focus However, some years ago, this possi- 
bility was suggested by the late Dr James ChBes of the University of Virginia. 

Purposes of ike Present Invesiigaium 

We have attempted to apply biologically the physical discovery of Grutz 
macher (2) (1935) that very short ultrasonic waves can be focused by giving a 
concave curvature to the surface of the vibrating quartz plate, constituting the 
source of radiation Thus, he was able to concentrate approximately 150 
times os much ultrasonic energy at the focal spot as could be found at a similar 
spot close to the vibrating plate 
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for experimental error would make the logarithmic mortality curves steeper 
than they are in Fig 4 While it is to be expected that deaths from a vascular 
cause, such as hemorrhage, should give a slightly steeper curve, nevertheless 
the order of magnitude is about as expected Furthermore litter mates gave 
such surprisingly close agreement (note rats 56 to 60) s that the error could not 
have been great 

While we have spoken of hemorrhage as a “known cause of death” we do not 
know the actual mechanism of death even from this cause The blood volume 
is reduced until the large veins tend to collapse and the large arteries are 
visibly smaller The peripheral circulation is reduced until the feet are very 
pale and cyanotic Death, as determined by blood flow, occurs with the ces- 
sation of heart action rather than from respiratory failure (one rat’s heart 
continued to beat several mmutes after respiration stopped but the reverse was 
never observed) 

Whether the animals died from “shock” depends upon one’s definition of 
that term, but since we do not know the mechanism of death from shock the 
point is not important It was observed that the hematocrit fell during the 
bleedmg, which would indicate the mobilization of fluid from the tissues 

The degree of bleedmg was calculated relative to body weight rather than 
to total blood volume It is hoped that in the future we may be able to de- 
termine the hemorrhage in terms of blood volume 

SUMMARY 

1 There has been need for a reliable experimental standard for the process 
of aging Chronological age is a poor standard owing to irrelevant changes 
and individual variability Longevity does not indicate the rate of aging be- 
cause it depends not only upon aging but also upon intrinsic death rate, indi- 
vidual variability, and the selective effect of experimental treatment upon re- 
sistance to specific diseases 

2 The use of a known measurable cause of death (hemorrhage) on healthy 
animals of various ages reproduces the known mortality curve for rats, and 
differentiates this measure of the aging process from individual variation 

3 The possibilities for the use of this method in determining the nature of 
the aging process are pointed out 
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s How e\ er, it was found that the last rat in each litter often gave values either 
higher or lower than an> of his litter mates (note rat 61 as compared with Nos 56 
to 60) This erratic beha\ lor w as ascribed to the mental disturbance caused b> find- 
ing himself alone for the first time in his life 
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The master crystal control oscillator (Fig 1) utilizes an ordinary receiver type tnode 
(type 56 or 76 depending on the filament heater voltage available) This is loosely 
coupled with the grid of the tube m the buffer stage 
The buffer stage utilizes the R.C.A. 807, a newl\ developed beam power tube with 
high power senativit> This provides the gnd driving power necessary for Class C 
operation of the power amplifier T 200 tube on the top shelf (Figs 1 and 3) 

The radio-frequency voltage to the ultrasonic crystal is controlled by varying the 
d c. voltage to the plate of the power amplifier to be. This is accomplished by a 
voltage dropping variable resistor (Fig 1 R<) To prevent initial transient voltages 
while turning on the circuit, from becoming excessive the best procedure was to put 
all this resistance in the circuit before turning on the T 200 plate voltage Then the 
resistance may be decreased until an} predetermined radio-frequency ammeter read 
ing (R.F ) is reached A spark gap (S G ) is included across the tuned output circuit 
to take transient v oltages that might otherwise injure the crystal. For long tube life 
resistor R< must be at maximum when the crystal or other load is not coupled to the 
power amplifier otherwise the available power for this efficiently adjusted stage maj 
hav c to be dissipated entirely in the anode of the tube 

Resistor Ri acts as a ‘safety valve to limit the current to the plate which if over 
loaded too often may result in the tube current becoming erratic due to gases given off 
from overheated parts As the power amplifier draws more and more current the 
voltage drop across R* automatically increases to put a higher negative voltage on the 
gnd of the T 200 tube. Such protection is valuable when tuning adjustments are 
made or in case the master oscillator crystal should fail to oscillate, or in the event 
that anything should stop the driving power to the grid of the power tube. Resistors 
Ri and R< are adjusted with peak load for the maximum radlo-frequencv current to the 
supersonic crystal 

In the R.F output circuit fixed condensers C* bypass the alternating current but 
isolate the supersonic crystal and its container from the high voltage direct current on 
the plate of the power amplifier tube Not cml> do these condensers provide safety for 
the operator but they also help to neutralize the inductance of the long leads to the 
supersonic crystal. 

In the construction of a radio-frequency generator of this kind, compactness of parts 
and efficiency usually go hand m hand All radxo-f requeue} connections should be 
made with short heavy wires Care was taken to hav e all ground for the buffer stage 
connect to one common centrally located point on the chassis which was in turn 
grounded to a water pipe. Tuned circuits were adjusted for min i m um plate current 
or just a httle past this point for stability An outline of the proper procedure for 
neutralizing and tuning a master oscillator power amplifier such as this one is given in 
the Radio amateur s handbook obtainable in any library 

The chief feature of the foregoing design is the use of a quartz crystal as a master 
oscillator instead of an inductance and a cnpccit} m the first grid circuit. The final 
ultrasound generating crystal is ground to match this oscillator crystal, so that the 
entire unit mav be tuned to resonance and neutralized once and for all. ‘Fishing' for 
the supersonic crystal frequency is unnecessarj A vernier adjustment, built into the 
master oscillator crystal holder allows a ver> slight frequency shift (834-836 Lc.) so 
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The chief aim of the present study has been to project such a focused beam 
of supersound into fresh tissue blocks and into the tissues and organs of living 
animals, so as to produce a maximum of change deep at the spot of focus with 
a minimum of change in the intervening tissues traversed by the beam before 
it reaches the focus WhUe much more work has still to be done towards 
determining the optimum frequency, exposure time, intensity, etc necessary 
to produce such focal effects m deep lying tissue, yet sufficient progress has 
been made m developing an efficient focusing ultrasound generator and in 
applying it to biological and neurological material to justify this early report 

The Radio-Frequency Power Generator 

The oscillating electrical potential across the opposite faces of the x-cut concave 
quartz crystal, ground to a natural frequency of 835 kc , is supplied by what amounts, 
in principle, to a small ^ kw radio transmitter, such as is used for code signalling 
Both a rear view photograph, Fig 3, and a schematic diagram, Fig 1, are given 


MASTER BUFFER POWER 

OSCILLATOR AMPLIFIER AMPLIFIER 



Fig 1 Wiring diagram of the radio frequency pov er source for the ultrasonic gen 
erator Full details of the circuit are given m the text 


The apparatus is so constructed (Fig 3) that the bottom shelf holds the power 
source, the middle shelf houses the master control cry stal oscillator and the first ampli- 
fier buffer stage The output of the latter is conducted by means of a special cable 
through the inner shelf shielding to the top unit — the pov er amplifier The entire 
set-up is shielded and carefully grounded to prevent radio interference, for safety 
against high \oltage, and to prerent inter-stage feed-back Special features of each 
of the abor e stages will be taken up m turn 

The pov er suppl} is a filament heating pov er and plate voltage source The design 
used is that of a full v a\ e mercury \ apor rectifier circuit (type 866) with choke input 
filter Although not entirely necessary , a filter adds to the stability of output \ oltage 
and helps to solre the radio interference problem, of which this set-up has giren no 
signs The rectifier operates on regular 110 \olt, 60 cycle house current, and has a 
maximum output of 6000 \ oils v c 
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litc plunger uhich can be moved back and forth bo &b to van the depth of the ultra 
some focus m the material irradiated 



Fio 2 Diagram of the ultrasonic generator This is housed in a transparent bake- 
Ute container (diagonal lines) supported by a ball and socket joint (low er left) The 
container is sealed above by a cellophane diaphragm against which biological speci 
mens are placed its interior is filled with transformer ofl (dear) in which the curved 
quartz crystal vibrates. The latter ia mounted by its bevded edge on a neoprene 
gasket (black) attached to the margins of a bakehte cup The intenor of this cup 
forms an air filled chamber (stipple) behind the crystal Elcctncal leads (top nght 
and bottom center) connect with spnng contacts on the two aluminized faces of the 
curved crystal The nodal suspension of the crystal by its be\ded edge is shown in 
detail (upper left) Only one of the two water conduit* (bottom left) is shown con 
nectcd wo Deoprene tubing to the copper cooling tube on the outside of the brass elec 
trode collar A device for sucking out air bubbles under cellophane diaphragm is 
shown at lower nght Neoprene gaskets spreaders and air expansion bag are indi 
cated in solid black 

The entire generator is immersed in transformer oil contained in a heavy walled 
transparent bakelitc cylinder The oil is dectnca! insulating but ultrasound trans 
zn it ting Together thej are efDdent insulators against both the R.F current and 
stray ultrasonic waves. The oil transmits the focused l>eam of supersound to a thin 
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that it is possible to set it at exact resonance with the driven ultrasound crystal 
(835 kc ) This gives a maximum power transfer, which, together with the accurate 
and stable means of tuning, accounts in part for the high supersonic output obtained 
with the relatively low radio-frequency power available 

The Focusing Ultrasound Generator 

A special crystal mounting, holder, and container had to be designed to meet 
the unusual requirements incidental to the most efficient operation of a curved 
crystal from which focused ultrasound could be apphed in any selected direc- 
tion, to a predetermined depth, m the tissues of living animals (Fig 4) Only 
mnovations and improvements of design will be described here Standard 
practice is followed m many details which are thoroughly described in Ultra- 
sonics by Bergmann (3) 

The ideal crystal mounting must provide a firm support yet allow the quartz 
to vibrate freely with a mmumum of restraint at the edges or dampening of the 
surfaces Both of these factors reduce ultrasonic output, and, in addition, 
restraint of the edges produces distortion with a tendency for the crystal to 
crack Bechmann (4) partially solved the latter problem and reduced dampen- 
ing by freely mounting the vibrating quartz on three pointed ivory pins which 
contacted the crystal at the nodal line along its grooved edge Oyama (5), 
Grutzmacher (6), and Dognon, Dognon, and Biancani (7) utilized an air 
chamber behind the crystal This not only reduced dampening effects, but 
also acted as a reflector of high-frequency ultrasound, so as to more than double 
the sonic output from the other side Technical difficulties have hitherto pre- 
cluded the simultaneous adoption of the advantages of both mountings, but m 
the present design, their difficulties have been overcome and both the nodal 
line suspension of the quartz and the reflecting airchamber are successfully 
combined in the same mounting (Fig 2) 

Oil'impcrv ious synthetic rubber and fairprene rubber cement have been utilized m 
mounting the focusing crystal along the nodal line of its beveled edge This served 
the dual function of gn mg a firm but elastic mounting of a high dielectric character 
and also of providing an efficient gasket which sealed off the air chamber behind the 
crystal In order, however, to allow for expansion of heated air in this chamber, a 
neoprene expansion bag was attached to its base (Fig 2) 

The cnstal and its mounting are surrounded bj transformer oil and held by three 
neoprene spreaders in the center of a thin-walled bahehte cup or holder with perfora- 
tions m the bottom which allow for the free circulation of insulating oil into the space 
betw een the side w alls of the mounting and those of the bahehte holder This bahehte 
holder is also provided with a wide screw -on brass collar to which is soldered water- 
cooled copper coils Thus, this broad-surfaced brass collar acts both as an oil cooler 
and as one electrode with spring extensions contacting the outer aluminized surface of 
the cr> stal The holder w ith its contents is mounted on the end of a laminated bake- 
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bte plunger which o» be mot ed back and forth *o a, to ssry the depth of the ultra 
sonic focus in the material irradiated 



Fig 2 Diagram of the ultrasonic generator This is housed in a imuprro:! 'c 
hte contamer (diagonal line*) supported by a ball and socket joint (birr Mil 1 
contamer is sealed above by a cellophane diaphragm against ah Mi ImVaJf* 
mens are placed It* interior Is Filed with transformer oil (dear) in-ichti a-- 
quart* crystal v ibratea The latter is mounted by its bei-rlrd edg* c l e -s 
gasket (black) attached to the margins of a bakelite enp T>. nun- r r- ti. E 

forms an air filled chamber (stipple) behind the crrstaL fuertroj M J r ~ 

and bottom center) connect a ith spring contacts on the two ihmxne’ ire- 
curved crystal The nodal suspension of the crystal In its bfraM sC e ~r-~~ 
detad (upper left) Only one of the Uo water conduits (botl c=b- a — 
nected wa neoprene tubing to the copper cooling tobeon theot rf-V * ^ 
trade collar A device for sucking out sir bubble nM*r qs> , ~~ 
ahown at leaver right Neoprene gaskets, spreadm and a , , 1“ 

cated in solid black ^ -* 


The entire generator is immersed in tiamformer el 
transparent bakdite cylinder The oil „ eltctixal , ! 

mittmg Together they are efficent inmht^ 
stray ultrasomc wave, Theofl tmnsmrts 



Tig 3 Photograph of the bach of the radio-frequencj generator showing the three 
stages on separate shehes Sec the diagram Fig 1 and te\t for details 

Fig 4 The ultrasontc generator is supported b\ a ball and socket joint at the end 
of a 3 foot arm, and can be applied to the animal in ana position The thick rubber 
tubing co\ ers the electrical leads and the small tubes circulate cold w atcr through the 
copper coil in the transformer oil surrounding the crjstal (See Tig 2 for details ) 
Fig 5 Drawing of a thin section of li\cr showing region of application and focal 
point of ultrasound 

Tig 6 Photomicrograph of a focal (left) and adjacent (right) region of the h\er 
section in Fig 5 

cellophane diaphragm which is in direct contact with the object or animal to be 
treated Tig 4 shows the entire set-up in actual operation with the head of an 
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anesthetize cat rating on the daphmgm 1 5 an above the *upcrsonfc crysui The 
bafcelitc cylinder is mounted on n tanveiaal joint nt the end of a 3 foot movable arm, 
which extend* from the side of the radio-frequency generator This flexible mounting 
permits ultrasonic application. In o. wide range of positions and elevations 

RESULTS 

A Propulsion of Oil — Both the intensity and form of the beam of focused 
ultrasound was made visible by floating several millimeters of oil on the surface 
of the cellophane diaphragm When the current was turned on, the super 
some radiation pressure drove the oil upward from the center of the diaphragm 
in the form of a conical column, from the top of which oil droplets were thrown 
upward and outward so that the entire phenomenon resembled an erupting 
volcanic cone The height of the cone proper is a reliable but crude indicator 
of the ultrasonic output The oil cone height Increases with the plate voltage 

TABLE I 


Str&ttfb of Bedromotn* Fcru and Amount of Ultrasonic Output tu Manured hy Bagli of 
Oil Con * — J if tiutli Trill 


Tat No 

l 

l 

i 

A 

* 

c 

T 200 pl&U, rolls 

300 

000 

1000 

1725 

2025 

2400 

T 200 plate, amp 

0 030 

0 060 

0 115 

0 125 

0 170 

0 220 

E.F output, amp 

0 100 

0 200 

0 520 

0 700 

0 800 

0 900 

Height of ofl cone, cm 

0 <4 

l 5 

6 0 

10 0 

11 5 

12 5 


and the R F output Harder, the height reached by the droplets thrown 
from the top of the cone is usually about twice that of the cone itself 

With the cooling system in constant operation, 4 minute runs were made at 
the power settings listed m Table I At each setting, a constant ultrasonic 
output was obtained throughout the test period, as indicated by the constant 
maintenance of the height of the oil cone with constant meter readings. The 
specifications for the ultrasonic quartz plate used in the following tests, as well 
os m all subsequent experiments reported herein are round, diameter 5 OS 
cm , frequency 835 kc , curved to focus at a point 5.5 era. from concave crystal 
surface, and 4 an above the center of the flat cellophane diaphragm. 

It should be noted from Table I that with a plate current of 220 rmUiunpcres 
and a potential of 2400 volts, there is a peak output of 900 milltamperrs of 
R.F current which produces a sufficient ultrasonic output to raise a solid oil 
cone 12 J an high from the diaphragm ruth spray erupling to trice that 
distance This measure of ultrasonic output for the one-half hw of power with 
2400 volts available can be compared for instance, with a maximum 10 an. 
oil column attained from a flat quartz plate of equal diameter by Wood and 
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Loomis (1), who utilized 2 kw of power with 50,000 volts on the plate of the 
power tube 

The chief factors contributing to the unusually high efficiency and ultra- 
sonic output of this apparatus (with one-fourth the power and one-twentieth 
the voltage used by Wood and Loomis) are as follows (1) The master crystal 
oscillator control creates a stable and maximum power transfer from the R F 
to the ultrasonic crystal (2) «The airchamber reflector behind the ultrasonic 
crystal at least doubles the output of ultrasound (3) The suspension of the 
crystal by cementing the nodal line at its edge to a flexible neoprene rubber 
gasket provides maximum freedom from dampening and stress during vibra- 
tion (4) The focusing crystal drives the oil from the base towards the apex 


TABLE H 


Paraffin Melting Defects Produced by Focused Ultrasound 


Paraffin block 

1 

2 

3 

4 

5 

6 

T-200 plate, volts 

0 290 

600 

1600 

1730 

1730 

1730 

T-200 plate, amp 

0 030 

0 0(30 

0 115 

0 130 

0 130 

0 130 

R.F output, amp 

0 too 

0 200 

0 520 

0 700 

0 700 

0 700 

Total exposure time, sec 

30 

30 

30 

30 

15 

10 

Time from 0 to power 







indicated, see 

5 

5 

5 

5 

5 

1 


Diagram of longitudinal 
section of melting 
defect 



of the radiation cone, where it accumulates and is piled up so as to exceed the 
5 5 cm focal length of the crystal (5) The oil cooling system prevents the 
crystal temperature from rising sufficiently to lower its frequency, disturb its 
resonance, and so reduce the ultrasonic output 
B Paraffin Blocks — Preservation and demonstration of the conical effects 
m solid form was obtained b}' resting cubes of paraffin (ir p 58° C) in the film 
of transformer oil on top of the diaphragm just over the focus A film of min- 
eral oil, oh\ e oil, lanolin, or normal salt solution must be betw een the diaphragm 
and the surface of the object irradiated to insure the displacement of all air 
Air, if present, reflects and disperses the sonic beam In the tests and experi- 
ments reported here we used 4 or 5 mm of transformer oil 

\\ ith the crystal 15 cm below the diaphragm, it was found by actual experi- 
ment that the focus, as indicated b} the melting defect m the paraffin, was 
always 1 9 cm abote the diaphragm This means it was 3 4 cm above the 
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crystal, in. contrast to the 5.5 cm. focal distance for which the crystal curvature 
was ground The shorter focal length in actual practice can only be due to 
refraction effect* which occur as the beam passes from the inside oil, through 
the diaphragm, outside ofl film, and into the paraffin block 
Table II illustrates snc representatives of several dozen experiments earned 
out with paraffin blocks at different intensities and exposure tunes 
Maximum focal with minimum base effects were obtained only with high 
intensity and short tune ultrasonic exposures (blocks S and 6) The probable 
reasons for this phenomenon and its bearing on our basic problem will be taken 
up m the discussion. 

TABLE HI 

Btef Liver dumps P rod u cod by Focused Ultrasound 


Liver block «xncrimeat 

l 

7 

s 

4 

5 

T 200 pkte, n*r 

600 

1730 

1750 

2410 

241ft=± + 

T 200 plate amp 

0 060 

0 120 

0 120 

0 220 

0 220** + 

ILF output, amp 

0 200 

0 700 

0 700 

0 900 

0 900^1 00 

Total exposure time sec 

30 

30 

180 

30 

20 

Time from 0 to power 
indicated, set 

10 

10 

10 

10 

Instantaneous 



C Beef Liver Experiments — Blocks of animal tissue were next placed on the 
film of off on the diaphragm and irradiated in a manner sunder to the paraffin 
blocks. Liver from a freshly killed animal was found to give the most easily 
observed results, because the strong!) irradiated portions turned grayish 
brown, leaving the rest of the tissue a deep maroon color Table III was com 
piled from a senes of ten such experiments. 

Focusing effects could only be obtained when full power was applied t nstan 
Icntcusly as in liver block experiment No 5 (Table HQ See Figs 5 and 6 for 
a microphotograph of a section through this liver block A very small amount 
of cell destruction has occurred on the surface of the base Lying above this, 
there » a region of unaffected liver cells, and finally a well defined focal point 
of severe destruction can be seen 

The significance of the foregoing findings on beef liver, and their bearing on 
the basic problem of achieving focal stimulation or destruction of cerebral 
tissue will be discussed in a later section. 
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D Radiation of the Brain in Living Animals — In view of the foregoing pre- 
liminary experiments with blocks of paraffin and liver tissue, it seemed probable 
that the present ultrasonic set-up with its high-frequency, limited R F power 
output, and small area of application to the scalp could not be expected to 
produce focal changes in the brain without simultaneous injury to the surface 
tissues, lying at the base of the cone of radiation This proved to be the case, 
since all five animals (three cats and two dogs) showed more or less severe 
injury to the scalp in the area of application, while only those two a nima ls 
which were exposed to radiations of maximum intensity showed any signs of 
local cerebral effects In one dog, there was a transient injury to the upper 
portions of the precentral gyn, inferred from a weakness and incoordination 
of the hind extremities lasting about 16 hours A cat, treated over the occipital 
visual area, showed blmdness lasting for several hours which w as followed by 
recovery 


DISCUSSION 

An analysis of the results should give a better understanding of what occurs 
when a focused beam of ultrasound is applied to non-living and living mate- 
rial For with a better comprehension of the processes mvolved, it should be 
possible to define more clearly the directions in which technical improvement 
m the generation and application of focused ultrasound must proceed if it is 
to be developed into a practical agent for the local modification of brain 
function 

The paraffin melting defects obtained and diagrammatically represented in 
Table II can be explained by simple thermodynamic principles which apply 
to the accumulation of heat (58°C ) to produce local melting m a uniform me- 
dium such as paraffin The chief determinants of the amount of local heat 
accumulated m unit of material for unit time are (1) rate of heat generation, 
and (2) rate of heat dissipation 

The rate of heat generation in any local region of the paraffin varies directly 
with the local intensity of ultrasonic radiation The local intensity is depend- 
ent on the amplitude of crystal vibration w hich vanes directly wnth the R F 
x oltage applied to the quartz and with the concentrating effects of focusing 
The latter mcreases from a minimum to a maximum per unit mass as one pro- 
ceeds from the base to the focus of the radiation cone 

In contrast, the rate of local heat dissipation varies directly with the prox- 
imity of the heated region to cool non-radiated region of paraffin Thus, at 
the focal spot, where the heat generation is greatest, its dissipation to immedi- 
ately adjacent cool areas is also greatest, while a similar spot at the center of 
the base region, remote from any cool non-radiated paraffin has minimum 
dissipation 
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It is tins base-to-focus variation in the ratio of heat generation to heat dissi 
pation which gives a base to-focus gradient in heat accumulation, manifest in 
amounts of melting m these regions. The form of this base-to-focus gradient 
in heat accumulation, has been found in the paraffin block experiments to be 
reflected in the form of the melting defect This form was found to vary with 
both the intensity and the duration of the supersonic output 
In paraffin block 1 (Table II) the intensity of the ultrasonic output was so 
low as to be insufficient to produce beat generation at the focus faster than it 
was conducted away by the cooler non- radiated adjacent regions. Hence, 
there are no focal signs of melting In the base, however, despite the lower 
heat generation per equal unit of paraffin, the heat dissipation, especially near 
the center, is so slow that there is suffiaent heat accumulation m 30 seconds to 
reach 58° C and to melt out the basal defect shown 

With an increase in intensity of ultrasonic output, the rate of heat generation 
may exceed the rate of its conduction from the focal region, so that there is 
sufficient accumulation of heat m 30 seconds to produce melting at the focus 
as well as at the base (see paraffin block 2, Table II) 

With further stepping up of the intensity of irradiation, the rate of heat 
generation becomes still greater as compared to its rate of dissipation Hence, 
the heat accumulation, as indicated by the melting defects at the focus and 
base, becomes proportionately larger and larger until they finally merge (paraf 
fin blocks 3 and 4, Table II) 

It is only when high ultrasonic power is applied for a short 15 or 10 second 
period that there appears a relatively greater heat accumulation at the focus 
with complete melting at tin* region, as compared to a centrally located in 
complete melting at the base (blocks 5 and 6, Table II) This phenomenon 
is understandable when it is realized that the rate of heat generation is maxi 
mum the instant f ull power is applied and thi3 m a xim um is maintained 
throughout, while the achievement of a maximum heat dissipation by conduc 
tion must be a sequel to its generation and ta k es more tune Therefore, when 
the exposure time is sufficiently short, heat dissipation becomes less and less 
a factor determining the amount of heat a ccum ulated m a local area. Thus, 
when, in experiments 5 and 6 the exposure times are for 15 and 10 seconds 
respectively at high power, the amount of heat generated becomes the major 
determiner of the amount of heat accumulated at the base and focus respec 
tively This is in contrast with experiment 4 at the same power for 30 seconds, 
where a large melting defect occurred at the base 

The results of the beef liver experiments can now be analyzed Fresh tissue 
is not a uniform medium lffir paraffin. Instead it consists of a multitude of 
protoplasmic interfaces which act to reflect, refract, and so to produce absorp- 
tion of the ultrasonic radiations Thus, the absorptive capacity of fresh beef 
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liver for supersound should be much higher than that of paraffin 1 This was 
found to be the case m the experiments in which the dosage v, as slow ly increased 
to maximum intensities where only basal effects w r ere produced (liver experi- 
ments 1 to 4, Table III) Apparently, the radiations w r ere all absorbed before 
the)'- reached the focus m sufficient intensity to produce any change m this 
region However, when full power was instantaneously applied, a well defined 
focus was obtained (experiment 5, Table III and Fig 5) Success under these 
conditions might be due to the transient but very high surge of power which 
always accompanies instantaneous swutching-on of current This was regis- 
tered on the R F ammeter as an initial reading of over 1 00 ampere, with an 
immediate dropping-bach of the pointer to a stable maximum output level of 
0 9 amperes Only when this initial peak surge of R F output occurred could 
sufficient ultrasonic intensity be obtained to produce a focal concentration 
strong enough to cause focal destruction m fresh liver tissue 

The work of Dognon, Dognon, and Biancam (7), Harvey (8-10), and others 
show r s that unicellular organisms are more vulnerable than multicellular organ- 
isms to ultrasonic w r aves Furthermore, with an increase m the size of the 
animal, its resistance increases, especially if it happens to acquire the protec- 
tion of a shell covering 

In the case of the experiments on living animals, there was ample evidence 
to indicate that with the intensities available, immediate tissue injury with 
irreversible changes resulting in scalp ulcerations occurred only when applica- 
tions of at least 5 minutes were used at medium or high powder Furthermore, 
the region of chief injury w r as m the superficial soft tissues at the base of the 
radiation cone where both heat conduction and blood circulation are less than 
at the focus in the brain The experiments of Gohr and Wedekind (11) empha- 
size the important r6le that circulating blood and tissue fluids play in protecting 
against the injurious effects of ultrasound applied m vivo, despite the high 
absorptive capacity of the tissues treated They exposed the abdominal skin 
of an anesthetized rabbit to supersonic waves There occurred a slight skin 
erythema with hyperemia, while inside there were pentoneal hemorrhages 
w ith dilation of the intestine However, w hen the same treatment was applied 
to an animal killed immediately before exposure, they observed rupture of 
skin vessels, changes m blood pigment, and innumerable perforations of the gut 
with passage of fecal matter into the pentoneal cavity The dissipation of 
heat should be especiallv effectiv e m the brain, because of the richness of its 
vascular supplj 

A factor contributing to skin mjuiy may hav e been the use of lrntating trans- 

1 Dognon, Dognon ana Biancam (7) found that In er tissue m a standard aluminum 
capsule had the same absorption as paraffin for ultrasound as indicated b\ tempera- 
ture measurements However, the condition of the Iner in regard to freshness and 
cell structure are not given 
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former o3 rather than bland olive oil or normal salt solution as a shin contact 
medium Frenzel (12), Pohlman, Richter, and Parow (13) have shown that 
ultrasound increases shin permeability, which, in conjunction with the radia- 
tion pressure, causes rapid absorption of drugs and other substances. 

In the two animals which received exposures of maximum intensities over 
periods of 12 to 24 minutes respectively, behavior changes occurred which 
lasted for some hours, and which indicated damage in the local brain areas 
involved However, this change was temporary The refracting and reflect- 
ing effects of the layers of head tissue of different density such as shin, sub- 
cutaneous tissue, bone, membranes, and brain substance, must inevitably 
produce some diffusion of the focusing effects When one of the animals was 
brought to autopsy just after recovery from the blindness produced, actual 
edema and hyperemia of the brain and pia were observed locally m the cortical 
visual area affected, while the remainder of the brain appeared normal 

Future Developments and Applications of Focused Ultrasound 

As a result of this study, improvements can be made in the present focused 
ultrasonic generator which should enable one to produce local changes in tis- 
sues m general or in the brain in particular with a mi n imum of complicating 
injuries to superficial tissues This basic problem has already been faced and 
partially solved m the case of x ray therapy Here, the chief means of solving 
the difficulty have been by perforated lead screens, multiple beams, circular 
motion of the source of radiation, or by actual rotation of the object radiated 
so that the x rav beam sweeps over a wide area of sLm surface Because of the 
very short wave lengths involved, focusing has not been found practical with 
x rays. However, with the use of ultrasound, focusing is very practical in the 
frequencies lying above 250 000 per second, where the wave length m water is 
6 mm. and less The following lines of development would seem to be indi- 
cated in order to further reduce skin effects and increase focal changes. 

1 Use of a non-imtating skin, contact medium such as normal saline, olive 
oil, or lanolm on the diaphragm of the supersonic generator 

2 Use of one-half to one-third of the present frequency Since absorption 
increases as the square of the frequency in water (Lange vm) and there is 
suggestive evidence pointing to almost equivalent absorption increase with 
frequency in tissues (Pohlman and Richter), this frequency reduction would 
seem advisable With less absorption in the skin and superficial tissues, there 
would be a larger proportion of the radiation penetrating to the focus at any 
given output intensity 

3 Grinding of the crystal to a curve with as short a focal distance as is con- 
sistent with experimental needs This obviously increases the intensity of the 
focal effect without increasing the skin effect. 
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4 Application of the treatment at maximum output mtensity for the mini- 
mum period of time necessary to produce focal changes This follows from 
the results of the paraffin and liver block experiments, where it was found to be 
the most efficient means of applying ultrasound in order to obtain maximum 
deep focal with minimum superficial changes 

5 Use of a mosaic of 4 to 6 t vo-inch curved crystals, all focusing on a com- 
mon pomt This would not only increase the focal effect, but w r ould spread 
the base effect over four to slx tunes the skm area of the present set-up 

6 Increase of the power of the R F generator to about 3 Lw This should 
provide sufficient voltage to drive efficiently the mosaic of 4 to 6 two-inch 
crystals, each twice as thick (one-half the frequency) as the single quartz 
plate now r in use 


CONCLUSIONS 

1 An efficient generator of focused ultrasound has been designed, built, 
and successfully operated 

2 The generator has been used to produce focal heating in the centers of 
paraffin blocks, and m a similar manner, focal areas of destruction were ob- 
tained deep in fresh liver tissue with minimal effects at the surface and no 
effects on the intervening tissue 

3 In animals, focused ultrasound of high mtensity produced local cerebral 
changes as inferred from behavior disabilities and as demonstrated at autopsy 
This local brain effect was achieved through intervening scalp, skull, and me- 
ninges The resulting behavior disabilities disappeared m from 2 to 16 hours 

4 To date, it has not been possible to produce such brain changes without 
incidental injury to the skin and subcutaneous tissue lying at the base of the 
cone of radiation 

5 Improvements in generation and application of the focused supersonic 
beam are suggested whereby it should be possible to increase still further the 
focal effects in the brain, with a corresponding decrease or elimination of compli- 
cating surface injury 
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THE EFFECT OF SPECIFIC POISONS UPON THE PHOTO- 
REDUCTION WITH HYDROGEN IN GREEN 
ALGAE* 

By HANS GAFFRON 

(From the Department of Chemistry, The University oj Chicago, Chicago) 
(Received for publication July 6, 1942) 

In algae of the metabolic type represented mainly by Sccnedcsmus, it Is 
possible to make the photochemical reduction of carbon dioxide proceed either 
with the evolution of oxygen or with the absorption of hydrogen (1) This 
offers new possibilities for analyzing the mechanism of photosynthesis One 
of these is to compare the effects of specific poisons on photosynthesis with 
those on photoreduction, and the present paper contains contributions to this 
topic. 

The selective poisoning of enzymes by substances such as cyanide, carbon 
monoxide, hydroxylamwe, dinitrophenol etc., is a well recognized method 
for exploring complicated enzymatic systems in vivo and in vUro This method 
has rendered and still renders valuable results in the studies of respiration and 
fermentation Though successfully applied in his studies of photosynthesis 
by Warburg twenty years ago, selective poisoning did not continue to be of 
great use in elucidating the sequence of reactions in carbon dioxide reduction 
The reason is that under the influence of poisons the normal process of photo- 
\ synthesis always becomes inhibited m its entirety No accumulation ol inter 
mediates nor any deviation in the chemistry of photosynthesis has been 
observed The mam result of all earlier investigations was that by diminishing 
the intensity of the radiation until it becomes the factor determining the rate 
of photosynthesa poisons which inhibit the "dark reactions" can be dis- 
tinguished from those inhibiting the ‘Tight reactions" or both It is only in 
recent years that comparison with the metabolism of purple bacteria (2, 3), 
the use of carbon isotopes (4), and the analysis with flashing light (5-7) have 
helped in assigning the effect of cyanide to a particular step in the course of the 
photosynthetic reaction 

The experiments reported below allow us to distinguish between the different 
parts of the mechanism of photosynthesis which are attacked either by cyanide, 
hydroxylamine, carbon monoxide, or dimtropbenol Since these partial reac 

* This is the first of three papers concerning the hydrogen metabolism of algae 
In the text it will be referred to at Paper I the two follow mg ones at Paper* II and III 
The numbering of figures tables and literature citations is consecutive throughout 
the three papers in order to facilitate cross-references. The literature citations 
appear at the end of Paper HI 
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tions have to be arranged m a certain order to account for the observations, the 
experiments force upon us an extension of the existent theoretical picture of 
photosynthesis Further it was found that the poisons act differently when 
introduced to the algal suspensions before instead of after adaptation to the 
hydrogen metabolism The paper has been divided, therefore, into two parts, 
the first concerning the stationary state of photoreduction, the second the 
transitions from photosynthesis to photoreduction and back 

Methods 

The manometnc measurement of normal photosynthesis following the well known 
procedures needs no comment For the study of photoreduction, the algae ( Scene - 
desmus, Rhoptdtum , Anktslrodesmus) are suspended either in bicarbonate or phosphate 
buffers and incubated for several hours in atmospheres of either H», H 2 with 4 per 
cent CO 2 , N 2 , or N 2 with 4 per cent C0 2 Non-volatile poisons are stored in the 
side arm of the manometers, carbon monoxide was introduced into the vessel either 
pure or in a mixture w r ith other gases The only difficulty encountered was with 
cyanide solutions, because in protracted experiments the time is long enough to allow 
hydrocyanic acid to distill from the more concentrated solutions in the side arm into 
the algal suspension It is necessary therefore to introduce the cyanide solution 
into the side arm of the vessel only a short time before use, either by letting the solu- 
tion flow in through a vent stopper, or by smashing a glass bulb containing the poison 
by turning a ground-in paddle (see Fig 14 in Paper III) The widespread image of 
a light source produced by a cylindrical lens was the simple means to illuminate a 
row of vessels with equal mtensit) , the light sources being incandescent lamps ranging 
from 200 to 1,000 watts Several wire screens allowed for further adjustments of 
the intensity It should be pointed out that photoreduction m unpoisoned cells 
tolerates only rather low intensities lying within a range, where in normal photo- 
synthesis the rate would be proportional to the intensity 

Part I Pholoreduclion m the Presence of Poisons 

(a) Cyanide — It is well known that respiration as well as photosynthesis 
in plants is influenced by cyanide Usually it is possible to separate these 
reactions from each other by means of the proper concentrations of poison 
because the sensitivity towards cyanide is different With rising concentra- 
tions of cyanide either photosynthesis (e g Chlorclla (8)) or respiration (c g 
Scenedesmus (9)) is poisoned first, leaving the other process more or less 
undisturbed and thus revealing whether or not any connection exists between 
these metabolic processes 

ViTnle the nature of the cyanide inhibition appears to be similar m many 
plants, the amount of cy amde necessary' to attain the same degree of inhibi- 
tion vanes not only from species to species but also with time m the same 
plant (Goddard (10)) The simplest explanation is that a plant cell con- 
taining a large surplus of the respective enzyme molecules will be less sensitive 
to the poison than a cell containing onl> a barely sufficient number Putting 
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half the number of enzyme molecules out of action may mean only a slight 
inhibition of the overall reaction in the first case and 50 per cent inhibition 
m the second It 1b therefore more or less a matter of chance whether in a 
certain plant two different reactions sensitive to cyanide will be inhibited at 
sufficiently different concentrations of the poison so that it Is possible to sepa 
rate and to distinguish the effects 

In Sccnedtsmus there are at least three cyanide-sensitive reactions, 1), 
respiration, 2) photosynthesis and photoreduction, and 3) the adaptation 

TABLE I 

E$ecl of Cyanide cm Pkotmdnction 

0 06 cc. of celts of Sctntdtvmut D t in 4 cc. of 0.015 u bicarbonate. Gas phase Hj 4 per 
cent CO*. Temperature 25* Preceding anaerobic dork period 12 hour*. 


CoBdltioC 

Tim* 

1 1 I J 

XUtt* o! prewar* cbao*c* tn 

1 5 






Light. 450 tux 

2° 

-16 

-17 

-18 

Dark 

60 

-0 S 

~0 5 

-0 5 

Dart, HCN added 

10 



1 25X10-* 

1 25 X 10-’ 




at HCN 

k HCN 

Light 450 lux 

15 (15)* 

-17 

-9 

-2 

940 tux 

5 m 

-32 

-U 

-1 

4750tnx 

10 (30) 

—94 

-40 

-5 

47501m 

s (55) 

—86 (turn) 

±0 

±0 

940 lux 

10 (45) 

-40 

+5 



* Number! in parentheses Indicate total time elapsed since the beginning of {nomination 


to photoreduction It is easy to distinguish between the sensitivity to cyanide 
of photoreduction and of the adaptation reaction because the same concen 
tratiem of cyanide produces quite different results when added aerobically 
before the adaptation or anaerobically after its completion Cyanide, how 
ever, has also a tendency to enhance the return to aerobic conditions This 
fact makes it difficult to decide whether photoreduction, which is dearly less 
sensitive than the adaptation reaction, is on the other hand more sensitive 
to cyanide than normal photosynthesis In Table I the algae have been under 
anaerobic conditions for a period of many hours before cyanide was added- 
The inhibition of photoreduction caused by 1 25 X 10 — 1 k cyanide is much 
greater than of photosynthesis Espeaallv at low light intensities this con 
centration of cyanide hardly diminishes the rate of photosynthesis m Scenedts 
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mm (see Table I m reference 9) Are vre allowed to conclude that the actual 
photochemical reduction of carbon dioxide is more sensitive to cyanide when 
proceeding with the absorption of hydrogen than with the production of 
oxygen? The data in Table II indicate that under anaerobic conditions the 
effect of cyanide must be a complex phenomenon and not due merely to an 
inhibition of the reduction of carbon dioxide The presence of hydroxylamme 
m addition to cyanide increases the rate of carbon dioxide reduction as com- 
pared with the low rate found m presence of cyanide alone We shall discuss 

TABLE II 

Inhibition of Cyanide Inhibition by Hydroxylamme 

0 037 cc of cells of Sccncdcsmus Di in 4 cc of 0 025 M bicarbonate Temperature 26° 
Gas phase air, 6 per cent CO; and Hs, 4 per cent CO; Preceding dark period 11 hours 
Hydroxylamme added 55 minutes before experiment, cyanide added 25 minutes before 
Light intensity 500 lux 



Air/COi 
-fcrnim Oi 



HaC/Oi 
-c.mm Hi 


Concentration of 
poisons 


2 X 10~ 4 ai 
HCN 


2 X 10~ 4 m 
HCN 

1 X 10~ J M 
NHiOH 

1 X lO-’it 
NHjOH 

2 X 10" 4 ir 
HCN 

Rate of gas ex- 
change m 
c.mm /5 mm 
dunng 10 min , 
following 30 

min of continu- 
ous illumina- 
tion 

+6 5 

+5 5 

-13 

-2 1 

-5 2 

-4 0 


(Experiment continued m Fig 7) 


this observation more in detail later in connection with the reactions leading 
to the return to normal aerobic photosynthesis One thing, however, appears 
to be certain— normal photosynthesis is not more sensitive to cyanide than 
photoreduction This is of some importance because it has been stated 
before (1) that the difference between the two forms of carbon dioxide reduc- 
tion consists probably only in the ways by which the oxidized photoproducts 
are remox ed They are either decomposed w ith liberation of free oxy gen or 
reduced to water b} hydrogen If this be true our results with cyanide 
would pro\e that it is not the oxygen-liberating system which is responsible 
for the well known cyanide inhibitions of photosynthesis Since this agrees 
with the observation on purple bacteria (2), as well as with those on the dark 
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absorption of carbon dioxide m plants (Ruben, S ,dal (4)) and the flashi ng 
light experiments of Weller and Franck (6), we should return to Warburg’s(S) 
very first conception and sa\ that it is the fixation of carbon dioxide to the 
ns3imilatory system preceding all the photochemical reactions which is pre- 
dominantly inhibited by cyanide in normal photosynthesis 

(b) Hydroxylamine — NHjOH is a poison which in very low concentrations 
inhibits photosynthesis strongl> m all plants so far tested (11) Since hy 
droxyl amine is a specific poison for catalase, this sumlanty was considered, 
until 5 years ago, as being in favor of the assumption that it is indeed catalase 
which takes part in photosynthesis by splitting hydrogen peroxide formed 
photochemical!} It was easy to disprove this hypothesis by separating 
catalase activity and photosynthesis in cyanide poisoned ceils and by studying 
the action of dilute hydrogen peroxide solutions upon the photosynthetic 
mechanism (9) In addition Emerson (12) had found that variations in the 
ability to split HjOa were independent of the rate of photosynthesis in different 
cultures of Chlordla Nevertheless the similarity which exists between 
oxygen production in illuminated cells and catalase activity indicates that the 
oxygen liberating system, though not identical with catalase, might be an 
enzyme of similar constitution and properties (13) 

The experiment in Table HI shows the relative indifference of the photo- 
reduction with hydrogen towards hydroxylamine in concentrationsseveral 
times greater than necessary for complete inhibition of photosynthesis Hence 
it follows that h> drox} lamine in small concentrations is a specific poison for 
the oxygen liberating system only Further proof is given in the experiments 
of Fig 1 and Table XXV in Paper HL 
This clear difference between the effect of small amounts of cyanide and of 
hydroxylamme on photoreduction prompted an experiment b> Weller and 
Franck (6) as to the dependency of the hydroxylamine inhibition on the 
light intensity Warburg (8) showed long ago that cyanide has no effect on 
photosynthesis at intensities where the rate of the photochemical reactions 
determines the overall rate of the process Contrar} to the cyanide effect the 
inhibition of photosynthesis in C Morelia by hydroxylamine was found to be 
as great at low as at high intensities Since the liberation of oxygen from 
the intermediary oxidized substances (“peroxides”) should be a typical dark 
reaction similar to the fixation of free carbon dioxide in the partial reaction 
initiating the reduction, thi3 result is hard to understand 

Following Gaffron's hypothesis (14) that the induction period in photo- 
synthesis is due to the reversible inactivation of some part in the oxygen 
liberating enzyme system, Franck, French and Puck (15) concluded that the 
amount of active enzyme present must be proportional to the rate of photo- 
synthesis Using the same argument Weller and Franck explained their 
results by suggesting that, if the amount of active enzyme remains propor 
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tional to the rate of photosynthesis, hydroxylamme could inhibit always the 
same percentage of the total flow of photosynthesis 
As such, this explanation is satisfactory Yet we must be prepared for 
further complications, because mcreasmg the concentration of hydroyylamme 

TABLE m 

Effect of Hydroxylamtne upon the rates of Photosynthesis and of Pholoreductton 


0 025 cc of cells of Sccnedesmus in 4 cc of 0 05 m bicarbonate Gas phase (a) air, 4 
per cent COi (b) H ; , 4 per cent CO : Temperature 25° pH 7 5 


No of experiment 


1 

2 

3 

4 

5 

Volume of vessels, cc 


IS 4 

14 9 

15 2 

15 0 

15 4 


Observation 





time 


10 mm 


(a) Air COi 

Dark 

IS mla 

— 

- 

M 

+ NHiOH 

10 000 

— 

+ " NHiOH 
5000 

Dark 

10 mm 

+1 

-1 

0 

-1 

0 

Light 2200 lux 

5 mla 

+10 

+10 

+4 

+10 

±0 

Light 2200 lux 

10 min 

+11 

+11 

+6 

+“ 1 

+1 

Dark 

5 min 

±0 

±0 

±0 

±0 

dto 

(6) Hjdrogen, COi 



I 




Dark 

16 hrs 

-4 

-4 

-2 

-4 

-0 7 

Light 1100 lux 

IS mm 

-20 

-22 

-22 

-20 

-2 

Dark 

20 min 

- 


- 

+ -—NHiOH 
5000 

- 

Light 1100 lux 

5 min " 

-26 

-12 

-22 

-26 

-4 

Light 1100 lux 

5 mm * 

-45 

-27 

-40 

-42 

-4 

Dark 

6 hrs 

At t 

the end of this p« 

:riod 2 5 per cent 

of Oi added 


Dark, after turn 
to aerobic con 







ditions 

20 min 

-3 5 

-3 

-3 

-4 

-4 

Light 2200 lux 

•10 min 

+10 

±0->+3 

+8 

+1 5 

+6 


* Sudden increase in rate Compare Table XXV, Paper HI 


m the preceding experiments beyond that for practically complete inhibition 
of normal photos} nthesis leads to an inhibition also of photoreduction Photo- 
reduction is onh relatively, not absolutely, insensitive temards h}dro\-ylamme 

This is made clear by the data given in Tables II, HI, IX, and XXV (in 

/ M M \ 

Paper HI) and Fig 1 Rather large concentrations of this poison I to ) 

(added after adaptation, as required throughout this set of experiments) 
quickly dimmish the rate of h>drogen uptake to about one-half 
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Afterwards the cells, left in contact with say ~ to ~ of this poison for a 

period of a day, will display rather irregular responses. Eventually the 
inhibition may become more and more pronounced, even total, or the effect 
of the poison may fade slowly away Such side reactions may be expected, 
because hydroxylamine can react with all sorts of aldehyde and Veto groups 
The disappearance of the inhibiting effect with time is markedly accelerated 
m the light. This has been observed already by van Niel (personal communica 



Tio 1 Inhibition of the rate of photoreduction in Sccnedt-imus as a function of 
the hydroxylamine concentration • — • percentage Inhibition found within 1 
hour after addition of the poison. x — inhibition 10 to 12 hours later « — ° 
effect of hydroxylamine on photorcduction when added aerobically before the algae 
are adapted to the hydrogen metabolism, 

tion) Leaving aside such irregularities, we find according to Fig 1 that the 
maximum inhibition achieved during the first hour or two is not more than 
50 per cent to 70 per cent even with very high concentrations of hydroxyl 
amine 

This is a strange feature, which appears even more complicated if we consider 
the influence of the light intensities upon the extent of the inhibition Fig 2 
shows that doubling the intensity of irradiation may cause a sudden drop in 
the rate of photoreduction in strongly poisoned algae while Table IX and Fig 
7 in Part II demonstrate the more common case where the rate in poisoned 
algae still rises with the intensities The persistence of ca 50 per cent of the 
initial rate of photoreduction after poisoning with excessive amounts of hy 
droxylamine has its counterpart in a few observations where algae apparently 
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normal and unpoisoned doubled their initial rate of photoreduction at a given 
low light intensity without any visible reason (See Table HI above and 
Table XXV in Paper III ) 

M Effect of Dmitrophenol on Normal Respiration and Photosynthesis m 
CMorclla — There is no doubt that dmitrophenol acts in quite another way 
upon enzymatic reactions than the poisons discussed above (16) The litera- 
ture on the catal) tic or anticatalytic effects of substituted phenols m living 
cells has mcreased rapidly during recent y ears and it is impossible to cite all 
the relevant papers As far as I can see, there are no reports, however, about 
the influence of dmitrophenol on photosynthesis in plants Before discussing 



Tirw in minutes 


Fig 2 Increase of the inhibition of photoreduction caused bj excessive amounts 
of nv droxv lamme under the influence of a higher light mtcnsitv 

the influence on photoreduction, we hate to consider the effect on normal 
photosv nthesis 

Table IV gi\es an instance with Chlorclla pyrenoidosa, which is the “stand- 
ard” test object in this field We shall consider first respiration All the 
observations made bv Krahl and Clowes (17) on the respiration of the sea 
urchin egg are easilv confirmed v ltli ChlorcUa Very small concentrations of 
dmitrophenol ha\e a stimulating effect With increasing concentration the 
stimulation, after reaching an optimum, turns into an inhibition which eventu- 
ally surpasses 90 per cent (fermentation starting) The prominent part play cd 
bv the h\ drogen ion concentration in connection w ith the effect of dmitrophenol 
is reflected bv the complete recoven from the total inhibition of respiration 
(and photosvn thesis) after changing the pH in the medium from 5 to 6 5 

A true stimulation of photosynthesis was not observed and is not to be 
expected Photosynthesis is not affected bv concentrations of dmitrophenol 
which stimulate respiration This observation agrees v ith earlier ones on 
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the differentiating effect of cyanide indicating that the normal tissue respira 
tion in algae has no connection with the photochemical system (13) At 
the proper pH very small concentrations of dimtrophenol inhibit photo- 
synthesis strongly The inhibition can be made to disappear by mating the 
suspension medium more alkaline just as easily as m the case of the inhibited 
respiration (Table IV) After prolonged treatment with the poison, particu- 
larly under anaerobic conditions, the reversibility is lost and the cells appear 
permanently damaged 

TABLE IV 

Effect of Dirdtropkcnol on the Metabolism of Ihe Alga CklortUa Pyrcnoidosa 


Comparison of stimulating and Inhibiting doses at two different hydrogen Ion concentre 
tion*. 0 025 cc. of cell* In 6 cc. of phosphate buffer Temperature 25* Goa phase air 
4 per cent COt Normal rate of respiration 10 Normal rate of photosynthesis *■ 100 


Coocentiatloo ol dlnltttjph*nol. 

JJX 10*«K 

1AX10-»K 

QJ X ur«* 






Respiration (da A 40 min ) 

5 0 

18 

2 

0 


6 2 ' 

10 

11 

19 

Photosynthesis (after 15 min. at 900 lui) 

5 0 

100 

10 

3 


6 2 

100 

100 

100 

Respiration (dark 30 min.) 

5 0 ! 

12 

0 : 

10* 


6 2 

7 

6 

13 

Photosynthesis (35 min. at 900 lax) 

5 0 

105 

10 

no* 


6 2 

100 

210 

100 

(10 min. at 1700 lux) 

i 5 0 

170 

6 

120* 


6 2 

150 

150 

150 


* Here the pH has been changed from pH 5 to pH 65 the metabolic rates recovered from 
the inhibition 


(d) Effect of 2,4-Ihmlrophencl upon Photoredudion tn Sccncdesmu j and 
Anbslrodcsmus — All that has been observed concerning the effect of dinitro- 
phenol upon normal photosynthesis m Chlordla pertains also to those algae 
which have a hydrogenase system. Some unimportant differences are found 
as to the relative sensitivity of respiration and photosynthesis towards the 
same concentration of poison 

Turning to photoreduction we find in Table V data which show that the 
anaerobic process is susceptible to the poison to the same extent as photo- 
synthesis Hence the reactions concerning the evolution of oxygen are not 
Involved in this particular inhibiting effect, at least not manifestly so In all 
probabflity jt is the transfer of hydrogen to carbon dioxide which is Inhibited 
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(Compare references 16 and 17, Tables XVII to XIX in Paper II, and Table 
XXVI in Paper m ) The same results were obtained with the alga Anhs- 
tr odes mus 

Testing the inhibiting power of different concentrations of dimtrophenol 
(Fig 3) an unusual induction period was observed on the 2nd day of an 
experiment for which a satisfactory explanation cannot be offered at present 

TABLE V 

Dimtrophenol Inhibition of the Gas Exchange in Scencdesmus 


0 027 cc of cells m 4 cc of 0 05 M phosphate buffer pH 6 0 Temperature 25° 




l 

2 

3 

1 olume of \cssel, cc 


IS 2 

15 0 

15 4 

Final concentrations of dimtrophenol 

— 

2 X 10”* M 

2 X 10-< U 


Observation 

time 

Rates of gas exchange in r ~— — 

10 min 

(a) Air, 4 per cent CO: 

Dark Respiration 

40 mm 

-0 8 

-2 0 

-0 2 

Light 2000 lux Photosynthesis (cor- 
rected for respiration) 

20 mm 

+ 17 

1 

+2 

Dark (not measured) 

12 hrs 

— 


— 

Dark Respiration 

30 mm 

-0 5 

I 

— 1 5 

+0 5 

Light 2000 lux Photosynthesis 

35 mm 

+n i 

i 

+7 

nfcO 

(5) H;, 4 per cent CO: 


i 



DarL Adaptation 

6 hrs 

-1 0 1 

-0 6 

-0 2 

Light 550 lux Photoreduction 

\ 

1 

15 mm 

-38 

1 

-22 

±0 

Temperature increased to 38° 


1 

1 



Light 550 lux Photoreduction 

15 mm 

— 3S 

-27 

-2 


(e) Carbon Monoxide — Carbon monoxide, as shovn m Table VI, inter- 
feres \er\ strongh with photoreduction 

The finding that photoreduction is so sensitne towards carbon monoxide 
at last gixes a fulK satisfactory explanation for experiments published seteral 
xears ago, before the photoreduction \ ith hjdrogen in algae had been dis- 
covered It had been a general experience among students in this field that 
carbon monoxide has no influence upon photosynthesis The onl> effect ob- 
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Fig 3 Inhibition of photoreduction by 2 4-dimtrophenoL Sunedctmux sus 
pended in m/30 KH 5 PO 4 pH co 5 0 

TABLE VI 


Effect of Carbon Monoxide on Pkoic reduction 

0 03 cc. of cells of Scaiedtsmus D, In 4 cc. phosphate buffer pH 6 7 (retention of COj) 
Temperature 25° Gas phase initially Hi 4 per cent COi 



Time 

Rate of pi exchiBte b 

1 

2 


min 



(a) Hi 2 per cent CO, 




Dark 

200 

-1 4 

-1 2 

(6) Dark new gas 

60 

78 per cent CO 2 per 

78 per cent Ni 2 per 



1 cent CO, 20 per cent 

per cent CO, 20 per 




cent Hi 

U*ht 

5 

1 ±0 

-14 

1000 lux 

CIO) 5 

+2 

-16 


! (13) 3 

+3 

-7 


(IS) 2 

+5 

0 


(25) 10 

+6 

+s 

Dark 

15 

-1 

-1 


110 

0 * 

-2 


* Numbers indicate total time elapsed aince beginning of {Sum m ation 


served had been an inhibition of respiration in certain plants In 1935 it was 
found (18) that after an anaerobic incubation period photosynthesis started 
quite differently when the algae had been kept in nitrogen than when they 
had been in carbon monoxide, prior to illumination At that time it was 
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assumed that photosynthesis was inhibited initially by products of fermenta- 
tion (see also (19)) which became oxidized as soon as free oxygen was liberated 
Carbon monoxide was supposed to inhibit this secondary utilization of ox\gen 
and thereby, indirectly, the reco\ ery of photosynthesis 

In 1940, it was realized that the gas exchange during the “anaerobic induc- 
tion period” is due to an internal photoreduction of carbon dioxide without the 
formation of free oxygen (20) Now w e see that it is this reaction (involving 
in Sccitedcsmus the liberation (Paper II) and absorption of molecular hydrogen) 
which is sensitive to carbon monoxide A similar effect of carbon monoxide 
on photoreduction had been observed previously with the photochemically 
active red sulfur bacteria (Thiorhodaceae) (21) 

Pari II Transition Reactions 
1 Adaptation to Photorcduction 

(a) General Observations — In addition to what has been published about 
how the “reduced state” of the photochemical mechanism is established m 
algae, the following observations ought to be mentioned At room tempera- 
ture, it takes about 2 hours of anaerobic incubation in the presence of hydrogen 
for Sccncdesmus to display photoreduction upon irradiation (At 36° this 
“adaptation” process is considerably shortened ) Yet algae in contact with 
hy drogen only for the minimal periods are likely to return to normal photo- 
synthesis at much low r er intensities than those which were allowed to ferment 
in the dark for a long period of time The reversion threshold of the tolerable 
intensity nses at first w ith the length of the preceding anaerobic dark period 
Part of the adaptation occurs also m an atmosphere of nitrogen, but there 
is a difference between the anaerobic metabolism in nitrogen and m hydrogen, 
as shown in Table XIa and Xlb in Paper II Under anaerobic conditions 
the algae ferment, forming organic acids and free carbon dioxide The amount 
of acids and carbon dioxide is approximately the same whether fermentation 
takes place in nitrogen or in hy drogen The difference consists in the metabolic 
exchange of hy drogen In hy drogen, the algae absorb \ arying amounts of hy- 
drogen (compare reference 1) while in nitrogen hydrogen is liberated (compare 
Table XI in Paper EE) The rate of hy drogen uptake in the dark declines 
rapidly with time With sensitne instruments, howexer, one can show that 
this uptake persists as long as the algae are kept under anaerobic conditions 
and continue to ferment (Experiments w ith differential manometer Ricke, 
unpublished data) Part of the hydrogen absorption during the first few 
hours appears to be necessary for a successful adaptation to photoreduction 

(5) Cyanide Inhibition of Ad aft at- on —In Sccnedesmus (sexeral strains) 
Rhaphidutn , Ankistrodcsn ns, the adaptation to the hydrogen metabolism is 
readily inhibited by small concentrations of cyanide Of all metabolic processes 
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the adaptation reaction appears to be the one most sensitive to cyantde poison 
ing Complete failure to attain the “reduced state" of the photochemical 
mechanism can often be observed with a concentration of cyanide which 

TABLE VH 

Cyanldt Inhibition of Adaptation to Pkotorcdudion 
0 017 cc. of cells of Rhaphdium polymarpkiirm in 0X133 u phosphate buffer pH 5.3 
Temperature 25 Gu phase air, air/4 per cent COj Hi/4 per cent COj 


No. 

l 

2 

3 

Volume of vowel* cc. 

14J> 


16 n 

Vohant of tlcjuld cc 

5.0 

44 

34 

Sid* *rm 

Gu pb**c 



04 cc. 6 per cent NtOH 


Air 

Air 

Cooccntntion of pof*cm 



+ 10-*mHCN 


wm 

mm 

an* 

(a) Respiration 




Dark. 75 min 

-4 

-11 

-7 


—12 3 c.mm O* 

+ 12 0 cunm COj 

—8 3 cram, Oi 

No. 

4 

J 

6 

Concentration of poboo 


+1Q-‘kHCN 

+l<r»*HCN 

Voter* of vowcW, «• 

UJ 

is n 

13 4 

Vote** of liquid cc.. 

4J> 

*xx 

44 


lUt« of jxoruic la ^55^. 

(5) Light. 4000 hn. 
Photosynthesis 

1 



1) Gas phase air/COs. 

+24 

+20 

+10 

2) Gas phase H«/COi, 




trsce Oj 

+26 

-f 20 

+8 

(c) Adaptation. Dark 14 

bA. 




Gu phase Hi/COi 

-2 

-0 25 

+0 04 

(d) Light 2000 lux 
Photoreduction 




Gas phase Ht/COj 

—79 

+3 

+2 


scarcely inhibits respiration, fermentation, photosynthesis, and photoreduction, 
once the latter has been established Compare the data of Table VII with 
those of Tables I and II 

When no adaptation occurs the algae absorb either no hydrogen during the 
anaerobic incubation period or only a fraction of the amount taken up by the 
unpoisoned control suspension This indicates that the reduction of some 
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substance (catalyst or enzyme) is essential for the photochemical utilization 
of hydrogen donors m place of oxygen liberation, and that, once reduced, the 
r61e of the reduced enzyme in photoreduction (if any) is influenced much less 
by cyanide In this connection it should be noted that in the presence of 
cyanide the system is extremely sensitive to oxygen Small amounts of 
oxygen otherwise made harmless by reduction cause the irreversible return to 
aerobic photosynthesis (see Table XXHI m Paper m) 

(c) Effect of Hydroxylamme on Adaptation — In general, hydroxylamme is a 
much more potent poison for photosynthesis than cyanide With concentra- 
tions as low as 10~ 4 m the inhibition can be almost complete We found that 
the adaptation reaction also is sensitive towards hydroxylamme, but not more 
so than photosynthesis Both reactions are inhibited to about the same extent 
Complete inhibition of photosynthesis is accompanied by complete inability 
of the cells to adapt themselves to photoreduction Partial inhibition of 
photosynthesis corresponds to a partial inhibition of the adaptation reaction 
We observe that less hydrogen is absorbed by the algae during the incubation 
time and that upon illumination photoreduction begins and continues at only 
a fraction of the rate found in the unpoisoned algae Here agam, as in the case 
with cyanide, it is striking to see that the same amount of poison added after 
full adaptation does not influence photoreduction at all (Table HI above and 
Table XXV m Paper HI) 

Different samples of algae react somewhat differently towards the same 
concentration of poison From the many data, however, emerges again the 
fact that with increasing amounts of poison the degree of inhibition increases 
m two big steps rather than gradually The amount of poison is either not 
sufficient to inhibit much of the adaptation reaction and the subsequent rate 
of photoreduction is hardly diminished, or the adaptation reaction is con- 
spicuously reduced and the corresponding rate of photoreduction is only 
about one-half of that of the control, or the inhibition of the adaptation is 
complete and neither photoreduction nor photosynthesis is observed m the 
light The individual vanations from this scheme are large, but its general 
validity cannot be overlooked 

(d) Dmitrophenol Inhibition of Adaptation —Since dmitrophenol inhibits 
photosynthesis and photoreduction to the same degree, little difference, if 
any, is observed between adding the poison before or adding it after adapta- 
tion The adaptation reaction seems to be affected least of all However, 
not enough experiments have been done to clear up the comphcation arising 
from the fact that dmitrophenol is a strong inhibitor for the fermentative 
production of hydrogen in the dark (Paper H) 

( e ) Inhibition of Adaptation by Carbon M onoxide —In the presence of carbon 
monoxide instead of nitrogen, the reduction reactions enabling the algae to 
utilize hydrogen are inhibited In Fig 13 (Paper H) we see that algae in- 
cubated in these two gases differ afterwards in their reaction with hydrogen 
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2 Transition from PJtolor eduction to Photosynthesis under the Influence of Light 

(a) General Observations — Algae adapted lo photoreduction either with 
free hydrogen or internal hydrogen donors will invariably return to normal 
photosynthesis if the intensity of radiation surpasses a certain threshold 
value (which vanes with internal factors of the particular strain of algae) 
The speed of this "turnback” reaction is a function of the excess intensities 
It is easier to understand the meaning of the experiments described below in 
the terms of the explanation we hai e presented for this effect of Intense light 
(1, 22) We shall repeat it therefore The explanation was that the inter 
mediate oxidized products resulting from the photochemical dehy drogenation 
of water, when formed at a rate higher than that of their reduction by the 
hydrogen donors, start to reoxidize that part of the mechanism which had to 
be reduced during the adaptation time in the dark In the course of this 
process the hydrogenase system becomes inactivated Once this has been 
completed, the oxidized photoproducts will again be decomposed with the 
liberation of oxygen This view is supported by the following experiments 
Low partial pressures of hydrogen speed up the turnback while low pressures 
of carbon dioxide retard or prevent it (Fig 4 and Table VUI) The efficiency 
of the truly photochemical process in a plant can be tested by illumination in 
flashing light. The dark, intervals between the fl ashes are made so long that 
all dark reactions initiated by the absorption of light run to completion before 
the next flash appears Under these circumstances the highest yield per 
flash obtained by increasing the intensity of the flashes is called the flash 
saturation value, a characteristic of the photochemical system. Rieke (7) 
found that the value for the saturation of photoreduction m flashing light is 
the same as in photosynthesis. (Compare Emerson and Arnold (5) ) 

One secs further in Fig 4 that a low partial pressure of hydrogen supports 
photoreduction nearly as well as a high one during the first moments of il 
lumination We believe therefore that the adsorption of hydrogen to the 
hydrogenase not the rate of the reduction of the intermediate oxidized products 
is a function of the hydrogen partial pressure. 

(b) Turnback t » Presence of Cyanide — We have seen above that cyanide 
in very small concentrations prohibits the adaptation we may say it pre 
vents the reduction of an enzyme and fixes it in its oxidized state It can 
hardly be doubted that the turnback is literally' the reversal of the adaptation 
reaction and includes the reoxidation of some catalyst- In fact when an 
illumination with a high intensity has lasted only a short whfle, the ‘damage” 
done to the reducing system is repaired in a short time, provided the turnback 
has not been complete (Table I) That means, as we believe, that the re- 
maining active part of the hydrogen transferring system aids in the reactiva 
tion of the oxidized part. In presence of cyanide that is not the case No 
recovery is possible because all enzyme molecules which happen to be oxidized 
will remain so (See Table XXIV In Paper III.) The effect of cyanide in 
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general can be summarized by saj mg that it speeds up the turnback once it has 
started 


TABLE Vm 


Dcpcrdcncc of the Inactivation by Light on the Presence of Carbon Dioxide 
0 04 cc of cells of Scencdcsmus obhqiius in 4 cc of 1 25 X 10~*n KH ; PQ, and culture 
medium Temperature 25° Several hours adaptation prior to the experiment 



Time j 

(c) H with S per 
cent CO3 

(b) H (COj ab 
sorbed by KOH) 

_ - - - 

Rates of pressure changes in .-PP 

10 mm 

2000 lux 

Photoreduction and turnback in 

i 

After 15 min 

-18 

±0 

light 

After 50 mm 

+4 

±0 

Dark Oxj h> drogen reaction 

50 mm of 0 ; introduced into each \ essel 

(compare Paper III) 

15 min j 

- 1 1 

' -12 


Total pressure changes due to 50 mm of O- 


300 min 

-19 

-122 



Fig 4 The time course of photoreduction as a function of the partial pressure 
of hjdrogen Scencdesmus D z in culture medium Preceding adaptation during 
16 hours m H 2 , 4 per cent C0 2 All mixtures of hydrogen and nitrogen used in this 
experiment contained 4 per cent C0 2 

(c) Turnback m Presence of Hydroxylamme —In small concentrations, 
hydroxy] amine is a strong poison for photosynthesis and hardly an inhibitor 
for photoreduction (see Table 3H) Consequently, the “photoperoxides’ 
should accumulate under the influence of excessive light exactly as m un- 
poisoned cells and oxidize and inactivate the hydrogenase system It was 
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found, however, that hydroxylamine interferes with the turnback reaction 
Its effect is opposite to that of cyanide It is retarding instead of enhancing 
In other words, the mechanism of photoreduction is protected against the 
turnback by the presence of hydroxy lamine Fig 5 shows how the algae 
adapted to photoreduction when irradiated with an intensity surpassing the 
threshold intensity will return to photosynthesis m the course of a few minutes, 
while the presence of some hydroxy la mine enables them to continue with 
photoreduction The units of the ordinate in this figure are actual man ometer 

£ 

c 



Fig 5 Protection of photoreduction by hydroxy lamine against the return to 
photosynthesis under the influence of excessive light intensity 

readings Thus the rate of photoreduction (-H* — COj) is apparently so 
much larger than that of photosynthesis (+0*, — COs) The actual rate of 
carbon dioxide reduction expressed in cubic millimeters of gas absorbed per 
unit of time is the same in both reactions (see reference 1 and Rieke, un 
published data) 

The “protection’ given bv hydroxy la mine, however, is not absolute but 
only relative to the intensity applied. The higher the intensity at which one 
intends to main tarn photoreduction, the more hydroxy lamine one must add 
This can be clearly seen in the experiment of Table IX. — * signifies the turn 
back reaction It is important that even if a turnback is avoided the rate of 
photoreduction does not nse to the values of the light saturation in aerobic 
photosy nthesis. 
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Whatever intensities or hydroxylamme concentrations are used, the rate of 
photoreduction at saturation intensities never reaches much more than 200 
per cent of the rate found at the “threshold” intensities without poison 
As a complication now enters the sensitivity of photoreduction against higher 
concentrations of hydroxylamme The rate of the “protected” reaction at 
the “threshold” intensity is often lower than that of the unprotected one 
Yet the early saturation is not likely to be due to this complicating factor 
Such a result supports rather the view that the absorption of hydrogen is the 
reaction limiting the rate of photoreduction 

TABLE IX 

Stabilizing Ejjcct of Hydroxylamme on Pholorcduction 
0 023 cc of cells of Scetiedesmus D, in 3 cc of m /30 KHjPCL Gas phase 8 vol per cent 
COj id H 2 200 or 1000 watt incandescent lamp Temperature 25° Poison added m 
the dark anaerobically 12 hours before exposure Rate of manometric pressure changes 


in after 5 to 10 minutes illumination at different intensities 

mm 


Molar concentre 
tlon of NHrOH X 
(10 -4 ) 

° 

' 

4 

10 

20 

Light intensity 

Rates in ~ 
min 

lux 





1500 

-4 5 

-4 0 

-3 7 

-3 0 

2900 

-3 6— ♦ +0 7 

-6 3 

-6 3 

-5 1 

4500 

+1 1 

-7 0-> 0 0 

-8 0 

-7 1 

6600 

+1 25 

0 0 

-9 0 

-8 0 

22000 

+2 6 

0 0 

-7 4~> 0 0 

-7 5 


Some emphasis has to be put on the fact that the turn is not prevented 
completely by concentrations of hydroxylamme which suffice for a total 
inhibition of photosynthesis In Table IX, it can be seen that a further in- 
crease m intensity may eventually overcome the “protecting” influence of 
hydroxylamme Photoreduction comes to an end, but so does photosynthesis 
The eventual turnback m presence of hydroxylamme ends in a complete inhibi- 
tion of any measurable carbon dioxide reduction 

(d) Turnback tn Presence of Dmilrophenol — There is some similarity m the 
action of dinitrophenol with that of hydroxylamme described m the pre- 
ceding paragraph m that it delays the turnback m excessive bght This 
effect, however, is obtained only at the price of a very strong inhibition of the 
rate of photoreduction Even then, the “protection” hardly stands up against 
any prolonged irradiation at moderate intensities (see Fig 6) The coordinates 
of Fig 6 are similar to those of Fig 5 Positive pressure changes above the 
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zero hue represent photosynthesis, negative pressure changes below, photo- 
reduction Once the turn has taken place also in the poisoned algae the 
evolution of oxygen commences at the reduced rate still allowed by the partial 
lar concentration of duutrophenol 

(?) Carbon Monoxide Acceleration of the Turnback Reaction — Since CO is a 
very effective inhibitor for all reactions concerning the hydrogen transfer by 
the hydrogenase system, it is not surprising that the algae return quite readily 
to photosynthesis when this poison is present (Table VI) Carbon monoxide 
ha3 apparently no influence at all upon the rate of oxygen evolution or any 



Fro 6 Inhibition of photoreduction and of the return reaction by duutrophenol 
In Scertedesmus 0 027 cc. of cells in 4 cc. of u/30 KH S POi Concentration of 
D.N.P 0 4 X lQ~*n added 12 hours before experiment 

other phase of normal photosynthesis This distinguishes it from all the 
other poisons discussed above. 

CONCLUSIONS AND THEORY 

It is rather fortunate that the four different substances (cyanide h>droxyl 
amine duutrophenol, carbon monoxide) manifest their specific inhibiting 
power upon enzymatic reactions in so obvious!} different ways when applied 
to the study of photoreduction m algae. The amount of information thus 
gamed Is considerable os compared with the existent knowledge about the 
effect of poisons on normal photosynthesis. The essential conclusions which 
have to be drawn on account of the evidence now available are os follows 
Experiments x nth Cyanide — Cyanide has an affinity for at least two dif 
ferent catalysts connected with photosynthesis in algae like Scenedesm ns, 
RhopJndium Antistrodesmus and probabl} more species. 1) Cyanide m 
hibits the utilization of carbon dioxide under aerobic as well as anaerobic 
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conditions Weller and Franck (6) and Riehe (7) have shown that the truly 
photochemical process, which can be studied m flashing light, is not sensitive 
to cyanide A dark reaction involving carbon dioxide, perhaps the initial 
reversible fixation (Ruben (4)) is at present the most probable partial reac- 
tion which we may consider as affected by cyanide 2) Cyanide inhibits the 
adaptation to photoreduction and m strong light or m presence of traces of 
oxygen hastens the turning back of photoreduction to normal photosynthesis 
To avoid contradictions one has to assume that cyanide reacts with a substance 
which is essential for the function of the hydrogenase system As long as this 
substance or catalyst stays oxidized, photoreduction cannot proceed, and 
cyanide tends to keep this substance in the oxidized state (perhaps reacts with 
it only in the oxidized form) Compare the literature on the Pasteur effect 
(23) and the Pasteur enzyme (24) 

Experiments with EydroxyJamuie — Hydroxylamine also produces multiple 
effects First of all, it inhibits the release of molecular oxygen in photo- 
synthesis Then it prevents adaptation to photoreduction Further it pro- 
tects photoreduction against the internal re-oxidation under the influence of 
excess fight Finally, m larger concentrations, it limits the rate of photo- 
reduction, without, however, inhibiting it completely 

It is necessary and at the same time sufficient to assume two reactions in 
the overall mechanism which are inhibited by hydroxylamine in order to give 
a satisfying picture of these four observations Since small amounts of hy- 
droxylamme can prevent any and all formation of free oxygen without inhibit- 
ing the reduction of carbon dioxide, we conclude that an enzjme involved in 
the liberation of oxygen has a particularly high affinity for h) droxylamme 
From the fact that inactivation by fight is still possible while the evolution of 
free oxygen is prevented m poisoned cells it follows that the inactivation of the 
hydrogenase system is due not to oxygen but to a precursor, let us say a 
“peroxide ” On the other hand, hydroxylamine m higher concentrations 
“protects” against the turnback while the reduction of carbon dioxide still 
continues This shows that not only the splitting of the “peroxide” but also 
its formation can be inhibited by this poison, and further that the reduction 
of the oxidized photoproducts by hydrogen does not necessarily include the 
intermediary formation of this “peroxide ” As compared with the “peroxide” 
the first oxidized photoproducts must be relatively unstable and harmless 
Otherwise the photochemical mechanism would show some change or inactiva- 
tion upon prolonged irradiation at saturation intensities in presence of hy- 
droxy lamine 

The Combined Effect oj Hydroxylamine and Cyanide —In Table II of Part I 
an instance has been presented where the combined influences of hydroxylamine 
plus cyanide on the rate of photoreduction at low fight intensities are smaller 
than tha t of cyanide alone This curious phenomenon can now be understood 
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more clearly In photosynthesis the effect of cyanide is generally attributed 
to an inhibition of the carboxylation reaction which changes carbon dioxide 
into the substrate of the photochemical process At present we have good 
reasons to believe that this fixation reaction is not altered when the transition 
to photoreduction occurs Hence the sensitivity toward cyanide during the 
stationary phase of photoreduction should be the same as in photosynthesis 
The experiments show clearly that this is not the case. The inhibition by 
cyanide is always greater than expected On the other hand, the transition 
phenomena to and from the hydrogen metabolism are much more sensitive 
to cyanide than any other observable reaction in the cell We explain there- 
fore the effect of cyanide on photoreduction by assuming that the reactions 
essential to the transition processes continue to some extent during the sta 
tionary phase This conclusion is supported not only by the irreversible 
return to photosynthesis, which nearly' always occurs after the addition of 
cyanide, but also by the experiment shown in Fig 7 We see that not only the 
normal return to photosynthesis under the influence of a higher light Intensity 
is inhibited by hydroxy lamine, but also the accelerated turnback in cyanide 
poisoned algae In spite of the presence of cyanide the rate of photoreduc 
tion increases with the light intensity Yet, while it seems to offer complete 
protection against the turnback caused by excessive light, hydroxy lamine 
cannot prevent the eventual, though slow, inactivation due to cyanide These 
observations allow us to extend the theoretical picture We assume that in 
spite of the presence of hydroxyl amine a few "peroxide” molecules are formed 
continually The “peroxide” molecules oxidize and inactivate some part of 
the hydrogen transfer- or hydrogenase system Since the concentration of 
the “peroxide” is so small, the reverse reaction, probably identical with the 
“adaptation, ’ proceeds fast enough to repair the damage There is no loss 
of activity In presence of cyanide the reduction of the oxidized hydrogenase 
system is, as we know, inhibited Consequently, the eventual inactivation 
of the whole process is inevitable. 

The Ejffect of Dimtrophenol — Though similar to the action of hydroxy lamine 
there is bttle doubt that we have to interpret the effect of dmftrophenol 
differently In Part I we have shown that dinitrophenol inhibits the rate of 
carbon dioxide reduction regardless of whether oxygen is liberated orhydrogen 
absorbed in the course of the reaction The slight ‘protecting ’ effect against 
the turn caused by an accumulation of ‘ peroxides” in excessrv e light goes 
parallel with an inhibition of the rate of photoreduction and is very likely due 
to the lower rate at which the “peroxides ’ are now formed. They simply do 
not accumulate The effect of dimtrophenol should be compared rather with 
the protection 1 against the turnback found in absence of carbon dioxide 
than with the inhibition by hydroxy lamine. 

The effect of carbon monoxide appears to be solely due to an interference with 
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a constituent in the hydrogenase system and thus has nothing to do with the 
\ ery reduction of carbon dioxide The algae possessing a hydrogenase behave 
m this respect very similar to other microorganisms capable of utilizing molecu- 
lar hydrogen The hydrogen fermentation in many of these organisms is 
sensitn e to carbon monoxide (25, 26) The only photochemical metabolism 
which pro\ed to be influenced considerably by this poison is that of some 
Thiorhodaceae (21) 



Fig 7 Antagonistic effects of cianide and hi droxy lamine upon photoreduction 
and the turnback to photosynthesis (Compare Table II ) => — photosyn- 
thesis m air x x, same with u/5000 cyanide • — •, photoreduction (control) 

-i, same with cyanide ° same with n/1000 hy droxy lamine J__+ , same 

with hy drorv lamme and cy anide 

SUiOIARX 

1 The effect of poisons upon the photoreduction with hy drogen m Sccnedes- 
iii us and similar algae has been studied The poisons used were cyanide, 
hydroxylamine, dmitrophenol, and carbon monoxide, substances known to 
inhibit more or less specifically certain enzymatic reactions 

2 It was found that quite generally one has to distinguish between the 
action of poisons upon the photoreduction m the stationary state, once this 
type of metabolism has been well established m the cells, and their effects on 
transition phenomena, on the “adaptation” and its reversal, the “turnback” 
from photoreduction to photosynthesis 

3 Cyanide inhibits photoreduction more strongly' than it inhibits photo- 
synthesis in the same algae It is concluded that the mechanism of oxygen 
liberation, which is idle in photoreduction, is not very sensitive to cyanide 

4 Hydroxy lamme m low concentrations is a powerful inhibitor of photo- 
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synthesis but has practically no influence on the rate of photoreduction 
Consequently, it is assumed that it acts in photosynthesis mainly by inhib iting 
the evolution of oxygen Greater concentrations of hydroxy lamine clearly 
inhibit photoreduction, but diminish the rate to about one-half only A greater 
degree of inhibition is obtained only by prolonged incubation. 

5 Dlmtrophenol was found to inhibit strongly the reduction of carbon 
dioxide, under aerobic as well as under anaerobic conditions. A stimulating 
effect of dinitrophenol can be demonstrated only with respiration or fermenta 
tion, not with photosynthesis. 

6 Carbon monoxide interferes with all phases of the hydrogen metabolism 
m algae. It is supposed therefore to be a specific inhibitor for the hydrogen ase 
system 

7 The “adaptation” to the hydrogen metabolism, which takes place if the 
algae are incubated anaerobically in hydrogen for several hours, is inhibited 
completely by very small amounts of cyanide The adaptation reaction is 
more sensitive to cyanide than most of the other metabolic processes m the 
same cell. Correspondingly cyanide enhances the return to aerobic condi- 
tions, the “turnback,” which occurs under the influence of light of high in 
tensities 

8 Hydroxyl amine, applied aerobically, inhibits the adaptation reaction to 
about the same degree as it inhibits photosynthesis Photoreduction proceeds 
after the adaptation in presence of hydroxylamine only at a fraction of the 
rate that it would have if the poison were added later 

9 Hydroxylamine in concentrations of 10~* m protects the anaerobic 
metabolism against the return to aerobic photosynthesis which normally 
occurs under the influence of light of too high intensity The protection is 
only relative and the higher the light intensity the more h}drox>lamine Is 
needed to keep photoreduction going Once a “turnback” occurs m presence 
of much hydroxylamine all photochemical gas exchange comes to on end 
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The investigation reported in this paper rendered mainly two results which 
are of importance for the analysis of photosynthesis m chlorophyllous plants 
Firstly Unicellular algae {Seemed tsmtts and similar species) which under 
anaerobic conditions are capable of reducing carbon dionde with molecular 
hydrogen in the light, will liberate hydrogen slowly m the dark if air is re- 
placed by nitrogen in the surrounding gas phase This faculty for a hydrogen 
fermentation in Scemtdesmus agrees with our knowledge of the dark metabolism 
of bacteria which utilize hydrogen. These reactions with hydrogen have 
often been found to be reversible. Secondly Illumination of the fermenting 
algae enhances the liberation of hydrogen particularly if the substrates of 
the photochemical reduction process, carbon dionde and hydrogen, are both 
absent. The release of hydrogen by the algae under the Influence of light 
occurs at a rate about ten times that of the hydrogen formation in the dark. 
The rate, however is already limited at low intensities by factors other than 
the light intensity Experiments with specific inhibitors, like dmitrophenol, 
allow us to differentiate between the dark and the photochemical liberation 
of hydrogen 

Upon return of the photosynthesizmg cell to aerobic conditions both phe- 
nomena disappear as m the case of photoreduction. 

Besides hydrogen and carbon dioxide the anaerobic metabolism of Scencdcs 
mus and of similar green algBe includes many other substances, notablv 
organic acids formed by fermentation of internal or artificially provided 
carbohydrates. As far as the nature of these fermentation products is con 
cemed, the present investigation was extended only to the analysis of added 
glucose and to the identification and determination of lactic acid 

Methods 

A description of the methods used in the present study has been reported else- 
where (Jack Rubin (27)) so that a few summarizing remarks will suffice. 

Pure cultures of Scenedemus species D\ S speaes Di, and 9 obhqtmr were grown 
at 20°C- m inorganic saline through which a slow stream of 4 per cent CO s in air was 
passed The culture flasks each containing 200 cc. of medium were inoculated from 
an agar slant and Illuminated for 3 to 4 da vs with incandescent lamps yielding 
about 4 ,000 lux at the bottom of the flasks. 

The gas exchange of the algae was determined bv Warburg’s manometnc method 
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(vessels with two side arms, inner well and vent stopper or with a side arm which can 
be closed and opened by turning the vessel) 

In experiments requiring the addition of glucose bacterial contamination could 
be prevented for many hours if the manometer vessels were dried immediately before 
the experiment at 150°C and if the algae were suspended m stenle sugar and buffer 
solutions In a series of fifty experiments only two were found contaminated with 
bacteria The pure nitrogen, and nitrogen mixtures, used to replace air were passed 
over finely divided copper at 500° Hydrogen from the Ohio Chemical Company was 
used without further purification 

We used as hght sources 1) a sodium lamp, its radiation as measured with a pho- 
tronic cell calibrated against a thermopile is expressed in ergs/cm ! /sec , 2) several in- 
candescent lamps The' intensity of illumination with these lamps is expressed in lux 
The identity and quantity of the gases involved m the metabolism of the algae have 
been determined with the familiar reagents introduced directly into the manometnc 
vessels carbon dioxide with potassium hydroxide solution, oxygen with alkaline 
pyrogallol, hydrogen by absorption with palladium black and decoloration of 
methylene blue in presence of platinum 

The total amount of organic acids formed m fermentation was measured by titra- 
tion of the remaming bicarbonate in the medium Glucose was determined by a 
modification of the Shaffer-Hartmann method (28), lactic acid was determined 
colonmetncally with ^-hydroxydiphenyl, the intensity of absorption measured with 
a photocell (29) 


PART I 

The Formation of Hydrogen m the Dark 

It is well known that green plants begin to ferment as soon as the oxygen 
partial pressure in the surrounding medium drops below the value necessary 
to maintain the Pasteur effect (inhibition of fermentation by oxygen) In 
the dark a suspension of algae in water or in an acid buffer will produce carbon 
dioxide when placed in an atmosphere of nitrogen If we place the algal 
suspension in a Warburg vessel, the evolution of carbon dioxide can be followed 
manometrically With a 5 per cent solution of potassium hydroxide in a side 
arm of the vessel, no pressure changes are visible This indicates that no 
other gas is liberated m fermentation but carbon dioxide All this is common 
knowledge With several strains of the algae Scenedesmi/s we observed, how- 
ever, that under the conditions described a Warburg manometer containing 
a potassium hydroxide solution in the side arm showed the development of a 
gas different from carbon dioxide A comparison between identical samples of 
a Scenedesmus suspension fermenting in absence and m presence of an ab- 
sorbent for carbon dioxide revealed that the new gas begins to appear after a 
prolonged anaerobic incubation of about 2 hours at 25° This gas is formed m 
addition to, and independent of, the evolution of carbon dioxide which is 
liberated from the very beginning 
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Fig 8 1 demonstrates the course of the anaerobic gas production by Sunedss 
mus in absence (curve a) and presence (curve b ) of potassium hydroxide 
The vessels used were of equal volume (15 4 and 15 0 cc.) The broken line 
is obtained as the difference between curves a and b It indicates that curve a 
would continue as a straight line except for the additional production of gas 
beginning after 2 hours of fermentation. Expenmen tally the rate of ferments 
tion is found to continue unchanged when the vessel showing normal fermenta 
tion contains a sufficient amount of palladium black. 



Fio 8 Liberation of molecular hydrogen during fermentation in the alga Scenedcs 
mus 0 027 cc. of cells in culture medium with 0 01 n phosphate buffer pH 6 contain 
ing 0.2 per cent glucose. Temperature 25 ° Curve (6) KOH solution in side arm 
of vessel, absorbing CO* 

The appearance in Sunedtsmus of a new metabolic reaction after a fermenta 
tion period of 1 or 2 hours at 25° agrees with the observations on the photo- 
reduction with hydrogen. The latter becomes possible m Scentdamus not 
simply by substituting hydrogen for air but only after a suitable anaerobic 
incubation period 

This similarity suggested that the same system, which in its reduced state 
enables the cells of Sccncdtsmus to utilize hjdrogen, was also responsible for 
the production of the gas not absorbed by potassium hydroxide. The data 
contained in Table X are, in our opinion evidence that this gas is h>drogen 
If equal amounts of Scenedesmus cells fermenting in the same medium are 
compared the difference in the amount of gas produced in absence and in 
presence of pall adium black is equal to the gas production found in presence of 
potassium hydroxide 

1 Figs. 1-7 and Tables I-IX belong to the preceding paper (I) 



zzz 


PRODUCTION OF HYDROGEN IN ALGAE 


Qualitatively it can be shown that the gas decolorizes a methylene blue 
solution m contact with platinum 

The gas is not nitrogen, methane or ethylene because none of these three 
substances will react anaerobically with palladium in the way observed It 
is not oxygen because it is not absorbed by alkaline pyrogallol Nor is it 
carbon monoxide because we have found carbon monoxide to be a specific 
inhibitor for this reaction and all metabolic reactions m Scendesinns involving 
molecular hydrogen 2 

TABLE X 


Production of Hydrogen during the Fermentation of Scenedesmus ( Species D{) 

0 095 cc of cells m 3 cc of 0 025 n phosphate buffer pH 6 2 Suspension contains 0 07 
per cent glucose Temperature 36° Gas phase N 5 




1 

2 

3 


Time 

1 

COj measured in 
presence of Pd 

Hi measured over 
KOH 

Hi measured as 
difference between 
pressure changes 
in vessels with and 
mthoutPd 


1 

Rates of gas exchange in 

30 min 

Dark (after 40 mm ) 

mm 

30 

+28 

+ 10 4 

+8 1 


60 

+20 

+7 5 

+10 5 


90 

+24 

+ 10 4 

+7 2 


170 

+21 

+7 9 

+7 9 


200 

+ 18 

+4 5 

+5 9 

Light, X5890A 

1 




I = 3 X 10 1 ergs/cm V 

30 

+20 

+9 

+5 5 

sec 


! 



I = 12 X 10 5 ergs/cm -/ 

120 

+13 -> +27 

+22 — +25 

+0 3->-7 5 

sec 






* In the light the method used for the data in column 3 ceases to be useful 


Aulofermentahon — In order to observe a measurable fermentation it is no 
necessary to add a substrate to the cell suspension The source of hydroger 
is one of several unknown reserve substances stored in the cell The rate oi 
the fermentative evolution of hydrogen m Scenedesmus declmes with time 
Starved cells, which have been allowed to respire for a long time in the dark 
show a low rate of fermentation and of hydrogen formation with a tendency 
toward a further decline with time Cells which have assimilated carbon di- 
oxide m the light for several hours give the best yield of autofermentation in- 
cluding the liberation of hydrogen 

2 Smce the manometnc hydrogen determination is accurate only to about 5 per 
cent, there is ample space for the discovery that still another gas is formed m traces 
during fermentation 
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Dependence of the Evolution of Hydrogen on the Hydrogen Partial Pressure — 
In the experiments on photoreduction or on the oxyhydrogen reaction the algae 
•were incubated not in nitrogen but in hydrogen for a period of several hours 
previous to the experiments During this time they invariably absorbed 
hydrogen sometimes in considerable amounts Not only in presence of an 
absorbent for carbon dioxide, but also if the carbon dioxide of fermentation was 
allowed to accumulate, the balance of the overall gas exchange was negative 
The algae fermenting m hydrogen absorb more gas than they produce 


TABLE XIo 

Fermentation of Scmedesvtttj obUquut tn Hydrogen and tn Nitrogen 
0 105 cc. of cells In 3 cc. of 0 05 M phosphate buffer pH 62 0 4 cc. of 2 per cent KOH 

solution on a piece of paper in the tide arm of the vessels. Turning the vessels around their 
vertical axb closet or opens the aide arms, (Set Fig. 14 In Paper HL) Temperature 25 
2 hours of fermentation m Nj In both vtveh before start of experiment- Vessel 1 filled 
with Hi 



L ‘ - 

1 ' 

StdAirm 

dc+tA 

1 Side urn 1 
i open 1 

SVU»rm 

ctaol 

Side inn 
open 

Vessel con* tint for CO* 






Vessel constant for H, 











| n» 

Pmotk diurn la mm. 

Dark 

1 12 ho. 

-81 

. 

+112 



30 win. 


-73 


-71 


Computation of Gar Exchange 



In 0, 

73 X 1 74 - + 1ZJ CJnm CO, 

- X 125 207 c mm 0, 



f n N, 

71 X 1.83 - + 130 cmm CO, 


130 \ 
1 56/ 


X 1-32 »* + ST cmm 0 1 


If we compare this with the opposite results on the fermentation in nitrogen, 
it is obvious that the presence or absence of hydrogen in the gas phase must 
influence the activity of the hvdrogenase system 
Table Kla and b presents the results of an experiment in which algae of the 
same culture were brought into two vessels, and one part was left to ferment 
m pure nitrogen, the other part w pure hydrogen To male sure that con 
ditions were comparable in both vessels the hydrogen was introduced into one 
vessel after a preliminary fermentation period of 2 hours in nitrogen during 
which the gas exchange in both vessels was equal The design of the vessels 
used (described in Paper III) is such that after a certain time a side am 
containing potassium hydroxide is opened. In this manner the carbon dioxide 
released from the slightly acid algal suspension during the interval fs measured 
and compared with the total gas exchange. & 




224 


PRODUCTION OP HYDROGEN IN ALGAE 


In this particular experiment the amount of carbon dioxide formed under 
nitrogen was equal to that liberated under hydrogen Simultaneously the 
algae in nitrogen had produced hj'drogen in a quantity equal to about one- 
third the amount of carbon dioxide formed while the algae in hydrogen had 
absorbed hydrogen in an amount about twice that of the carbon dioxide 
There are as yet no experiments available which allow one to decide whether 
a high partial pressure of hydrogen reverses the process of hydrogen produc- 
tion or whether both liberation and absorption proceed simultaneously and 
independently A parallel experiment with algae suspended in bicarbonate 
showed that the fermentative formation of acids was the same in hydrogen as 
m nitrogen (Table Xlb ) The first possibihty, the existence of a true equilib- 
rium between bound and free hydrogen, would offer an explanation for the 


TABLE Xlb 


Acid Formation during Fermentation in Hydrogen and in Nitrogen 
0 114 cc of cells of Sccncdesmus D t in 3 cc of 3 3 X 10~ 5 u KHCOj Temperature 25° 
40 minutes fermentation in N* before experiment. 


No and volume of vessels 


(1) 18 6 cc. (2) IS Occ. 


1 3 ) 18 4 cc (4) 18 a cc. 


Initial bicarbonate content in each vessel 212 emm CO. 


Gas phase 

Total pressure change in 15 
hrs , mm 

Hf, 4 per cent COj 

-94 -94 

Nj, 4 per cent COj 

+ 167 +176 

Final bicarbonate content in 




c mm COs 

114 

117 

116 116 

Acid formed in H« and N; 

96 c mm 


96 c mm 


fact that sometimes the determination of hydrogen formation by difference 
in presence and absence of palladium renders results not checking with the 
direct determination of hydrogen formed m presence of alkali The accumula- 
tion of hydrogen in the vessels without palladium might gradually inhibit the 
evolution of hydrogen — which proceeds uninhibited where the hydrogen is 
continuously removed 

Influence of Glucose and of Ollier Organic Substances upon the Hydrogen 
Formation — Of many organic substances added to the cell suspension only 
glucose was found to increase immediately all phases of the anaerobic metab- 
olism (Table XII) Other monosaccharides were effective after a definite 
time lag The phosphates of glucose (mono- and di-), of glycerol, of glyceric 
acid, etc , were all without effect They probably did not penetrate to the 
proper places Pyruvicandlacticacids gave positive results, but the difficulties, 
with respect to permeability and to the inhibiting properties of these acids, 
leave it an open question whether their effect is m any way to be looked upon 
as a direct one 
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The experiments shown in Fig 9 and in Tables XH-XTV demonstrate the 
accelerating effect of added glucose As y et we have found no evidence that 
formate could be an intermediate m the course of the hydrogen production 
(Compare reference 25, page 96 ) 

Influence oj the Hydrogen Ion Concentration — Contrary to the behavior 
of respiration and photosynthesis, the rate of fermentation m the algae is 
clearly dependent on the hydrogen ion concentration in the suspension. 
The optimal hydrogen ion concentration vanes with other conditions infhienc 
mg the fermentation, e g the absence or presence of added glucose and the 



Fig. 9 Increase of fermentation and of hydrogen production in Scenedesmus upon 
addition of glucose. Final sugar concentration 0 06 per cent, 

time elapsed since the be ginnin g of the anaerobic period (See Fig 10 ) 
Such variations of pH optima are already known in bacterial metabolism 
(25) For our purposes a pH between 6 and 7 appeared best 
The Relative Amounts oj Carbonic and Organic Acids Producedinf ermentaiion 
— Whereas it could be established beyond doubt that added glucose enhances 
the production of hydrogen, numerous experiments failed to reveal a clear 
and uniform relationship between the amounts of the different fermentation 
products and of the glucose added The hydrogen production remains rather 
small compared with the quantities of potential hydrogen donors available 
(See Table XIV) 

There is also hardly a constant relation between the volume of hydrogen 
evolved and that of carbon dioxide gas or of fixed acids produced during a 
given fermentation period (Tables XI, XU, XIV and XV) This is not too 



226 


PRODUCTION OF HYDROGEN IN ALGAE 


TABLE XII 

Influence of Glucose on the Hydrogen Fermentation 
0 048 cc of cells of Sccncdcsmus D t in 3 cc of 0 01 m KHCOj Gas phase Ni, 4 per cent 
CO. Temperature 36° Gas exchange computed from experiments in presence and ab- 
sence of palladium black, which absorbs all hydrogen The data represent the average of 
three (six) parallel experiments 



Time elapsed 
since start of 
experiment 

Rate of gas produced in 

30 mm 

, CCh 
Ratio > T — 

its 


H. 

COi 

(a) Autofcrmcntation 

■ 

3 5 

7 8 

2 2 



3 0 

5 5 

1 8 


■ 

2 0 

6 6 

3 0 

(b) Glucose added (0 1 per cent) 

1 B 

4 5 

11 3 

2 5 




18 2 

1 7 


■ 


IS 6 

2 9 


400 


14 4 

3 1 


TABLE Xffl 

Influence of Carbohydrates on the Rate of Hydrogen Production 
0 05 cc of cells of Sccncdcsmus obhquus in 4 cc of 0 05 m phosphate buffer pH 6 5 Dif- 
ferent sugars added aerobically Final concentration in medium 0 12 per cent. Side 
arms of all vessels contain 0 2 cc of potassium hydroxide-pyrogallol solution Temperature 
25° Gas phase N* 



Time 

Control 

Glucose 

Galactose 

Mannose 

Hexosedi- 
and hexose 
mono- 
phosphate 







10 min 


Dark 

140 min 

0 7 

1 2 

0 7 

1 0 

I 0 6 

Light 3700 lux 

10 min 

6 

10 

7 

7 

8 

Dark 

11 hrs 

0 3 

0 7 

0 7 

0 7 

0 3 

Dark 

20 mm 

All vessels flushed with Nj to remove Hi of 
fermentation 

Light 1700 lux 

5 min 

! 6 

18 

10 

12 

8 

Light 1700 lux 

15 nun 

4 

11 

5 

5 

4 


surprising if we remember that the hydrogen fermentation needs some ad- 
ditional adaptation before it can start, as compared with the ordinary fermen- 
tation which is regulated simply by the oxygen partial pressure (Pasteur 
effect) It is very probable that two or more independent fermentation 
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TABLE XIV 

Acid Formation durinj FermtnUiHen of SccncdtJMVs [Strain 2? x ) 

0-06 cc. of cell* In 3 cc. of 0,5 X I0~*u KHCO*. Tempera tart 36 Gas phase Nj 
4 per cent COi Duration of experiment 5 hours, after 1 hour of preliminary anaerobic 
Incubation AH data expressed in cubic millimeters normal gas. 



(0) G fa cose expressed fn 

c. mm. normal gas 
(180 mg. equiva- 
lent 22400 c.mm.) 

(1) Add formed — 

change in blear 
benate 

(c) Lactic add formed 
(if) Total gas formed 
(H, + CO, + de 
composed bicar 
bonate) 




Adding glucose result* In the production of S3 ernm more organic add of which 25 
cmm. - 50 per cent are lactic add Only 3 per cent of the 91 entn add formed in fermen- 
tation of intracellular material are lactic acid. 
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reactions can proceed simultaneously m Scenedesvms, perhaps, at quite differ- 
ent locations m the cell We shall demonstrate in Part II that the hydrogen- 
liberating system may be bnked with the photochemical activity of the plants, 
and the latter has its seat m the chloroplasts On the other hand, it is known 
that the non-chlorophylious parts of a plant have a definite fermentative 
capacity of their own The situation is similar to that found with respiration 
m Chlorella Autorespiration of photosynthetic products has different 
properties from that of substrates artificially supplied (Emerson (30)) As it 
was (13) pointed out before, one should consider m such a case the possibility 

TABLE XV 


Effect of Light upon the Liberation of Molecular Hydrogen m the Alga Scenedesmus 
Algae grown with 1 per cent glucose Suspended in phosphate buffer pH 6 5 Gas phase 
Ns (free of CO*) Temperature 25° Preceding dark time 12 hours 


No 

1 

2 

3 

4 

Volume of \ easels, cc 

Volume of liquid*, cc 

In side arms 

18 3 

3 0 

18 0 

3 2 

KOH 

18 4 

3 0 

Pd 

18 2 

3 2 

KOH, Pd 


mm 

Rate of pressure changes In 

Dark 

+ 16 

t +2 ; 

+ 13 

+0 3 

Light 740 Jux 

+31 

1 +15 

t +18 

+2 

(Light minus dark 

+ 15 

+ 15 

+2 

! +1 | 

Dark 

+ 17 

~2 

+ 18 

+1 

Light. 1500 lux 

+21 

+ 15 

+ 18 

0 

|Light minus dark 

+4 

+ 17 

0 

-1 } 



) 

i 


not only of different catalytic systems but also of a separate location in the 
cell of these systems 

In some experiments we tried to shorten the adaptation time and to increase 
the rates by raising the temperature from 25 to 35° Although fermentation 
continues at the higher temperature for many hours the photosynthetic 
capacities of the cells suffer an irreversible damage Such cell samples should 
not be used in combined dark and light experiments One might use inhibitors 
to separate and isolate the different fermentation processes from one another 
Kempner, for instance, detected that the hydrogen fermentation of B bulyn - 
cum was stopped by carbon monoxide (26) Later Kubowitz (31) showed 
that this effect is not a true inhibition of glucose decomposition but a change 
from hydrogen fermentation to lactic acid formation 

Our experiments with inhibitors reported below gave results resembling 
those of Kempner and Kubowitz with butyric acid bacteria Since in Scene - 
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destnus at least two types of fermentation reactions seem to occur simul 
taneously m varying proportions, more work than we have devoted to this 
problem is needed to disentangle the fermentation reaction and to establish 
the stoichiometry of the reaction yielding hydrogen 
The Formation of Lactic Aetd — Besides other acid compounds of yet un 
known constitution, lactic acid appears only in very small amounts during 
autofermentation of natural reserve material, as shown in Table XIV On 
the other hand, this acid often accounts for 50 per cent of the fermentation 
acids formed after adding glucose to a cell suspension Barker found in 
the colorless heterotrophic alga Prololhtca that glucose is decomposed up to 
95 per cent mto lactic acid 



Molar Concentration of f 

Fig. 11 Inhibition of hydrogen production by fluoride. Abscissa molarity of 
fluonde ion 

Attempts to inhibit only the lactic aad formation with fiuonde were not 
successful The dark formation of hydrogen is also sensitive to fiuonde 

(Fig U) 

<2h, (Dark) —The familiar quotient Qn, (dart) - ^ 

found to attain values not larger than 1 The weight of the dry material in 
milligrams was assumed (.according to earlier measurements) to be 1/5 of the 
number of cubic millimeters of wet cells tightly packed by 15 minutes centn 
fugation at 3,000 re\ /min 


CONCLUSIONS 

From the evidence presented above we have to conclude that those algae 
which have the capacity for photoreduction with hydrogen contain a hydro- 
genase capable of functioning independently of any photochemical process. 
Hydrogenase functions here as a catalyst establishing an equilibrium between 
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molecular hydrogen and various intracellular hydrogen-transferring systems 
The potential of these hydrogen-transferring systems and the partial pressure 
of free hydrogen determine whether hydrogen will enter or leave the algal 
cell (Compare Farhas (33) ) 

part n 

The Photochemical Production of Hydrogen 

Under the proper anaerobic conditions, Scenedesmus and similar algae can 
utilize hydrogen for the reduction of carbon dioxide We expected, there- 
fore, that the hydrogen production by fermentation m the dark would dis- 
appear completely upon illumination This is true indeed if carbon dioxide 
is present in sufficient amounts, either from the beginning of the experiment 
or if it accumulates during fermentation periods When the algae are ir- 
radiated, hydrogen fermentation gives way to photoreduction and eventually 
to normal photosynthesis Shape and duration of these transitions depend 
'on the intensity applied and the conditions of the plants (see Paper I) 

In the absence of carbon dioxide ( e g KOH in side arm of the manometer 
vessel), the irradiated cells can make use only of that small part of the carbon 
dioxide formed in fermentation which does not escape into the gas phase 
In the light, therefore, there will be neither an appreciable photoreduction nor 
a return to aerobic conditions (which depends on the presence of sufficient 
carbon dioxide), nor any photo-oxidation (which depends on available oxygen) 
Under these conditions light absorbed by the cells might be transformed 
into heat With Chlorella, for instance, no observations have been made 
which would contradict such an assumption The situation is surprisingly 
different, however, with the algae possessing a hydrogenase system Irradia- 
ting Scenedesmus under anaerobic conditions (“reduced state”) in absence of 
carbon dioxide, we observed a measurable photochemical activity This new 
reaction is a photochemical production of gas which continues for hours, 
though at a rapidly declining rate The gas liberated under the influence of 
light is hydrogen, and the algae produce it at a rate up to ten times the dark 
fermentation (Tables XV, X-XIH, XVI) 

The evidence for the gas to be hydrogen is the same as already discussed in 
Part I The gas is not absorbed by alkali, nor alkaline pyrogallol, which 
remains colorless (Table XVT) The decisive test that the gas produced under 
the conditions described is not the oxygen of photosynthesis is furnished by 
the photochemical reaction following the introduction of a mixture of hydrogen 
and carbon dioxide into the vessel containing the irradiated algae If the gas 
produced photochemically by the algae were the oxygen of normal photosyn- 
thesis, they would continue to produce oxygen, probably at a much higher 
rate What actually happens is that the algae cease to produce gas and turn 
to photoreduction with hydrogen without requiring the usual “adaptation 
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period” (Pig 12) This is proof that the photochemical mechanism in these 
organisms has remained in the "reduced state” -where no liberation of oxygen 
occurs Furthermore, the gas in question is completely absorbed by palladium 
black (Table XV) 1 

In on atmosphere of hydrogen, the photochemical evolution of hydrogen (in 
absence of the reducible substrate CO*) is inhibited as compared with the 
reaction in nitrogen Hydrogen is often released from the cells, however, in 
spite of the presence of a little hydrogen and carbon dioxide Fig 12 shows 
that whether we observe photoreduction or hydrogen evolution depends on 

TABLE XVI 

Pkotfickmical Droeicpmenl of Hydrottn in Sctnedamm 
0 CU cc. of crib In 005 u phosphate buffer pH 6,5 Temperature 38" Gas*phuse 
Ni In tide arms of vessels 0.2 cc. of 7 per cent KOH solution. 


Vohinse of u. 

l 

2 

I 

16 0 

11 0 

IS 4 


Prenur* cfcenfe* la non. 

r>«ik, 240 min. 

+27 

+41 

+30 

Light, 240 min. lOOQltn 

+74 

+66 1 

+66 

0 1 cc. of a concentrated pyrog&flol solution 

1 No color 

I Trace yellow 

[ No color 

added to KOH solutioc in ride am 

J No rignlfkant pressure changes 

Qt Introduced into v easels, mm 


75 

50 

Color change in side arm 5 min later 

Yellow | 

Brown 

Yellow 

Gai absorbed in the dark during first 15 min. 




after Oi has been introduced, mm 

-s> 

—26 

-17 


the light intensity In the experiments, one of which is represented in Fig. 
12, the algae had been fermenting for several hours in nitrogen. About 
0 2 vol per cent of hydrogen bad accumulated on account of this ferraenta 
tion Ah carbon dioxide diffusing into the gas phase had continuously been 
absorbed by potassium hydroxide, while it was allowed to accumulate in a 
parallel experiment not shown here Only during the last phase, where some 
hydrogen had been introduced into the vessels, a difference between the reac 
tion of both samples of cells was found This consisted in a less rapid decline 
of the rate of photoreduction in the vessel which had no potassium hydroxide 
solution in its side arm We learn from the time course of the gas exchange in 
Fig 12 that an absorption of hydrogen at very low light m tensities can change 
instantaneously mto a liberation of hydrogen at higher light intensities For 
20 minutes a Qb, of + 4 is maintained That this evolution of gas is not a 
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turnback to photosynthesis (which is not likely to occur in absence of carbon 
dioxide) is demonstrated by the photochemical absorption of added hydrogen 
immediately afterwards 

The Influence of Hydrogen Donors — The photochemical evolution of hy- 
drogen depends clearly upon the presence of suitable hydrogen donors in the 
cell The same circumstances which improve the dark hydrogen fermentation, 
addition of glucose or a previous intense photosynthesis, increase the yield of 


-m W 2 , 02%H t > — m H z > 



Fig 12 Rates of photochemical absorption and evolution of hydrogen in absence 
of carbon dioxide at different intensities 0 074 cc of cells of Scenedesmus Ds in 0 OS 
m phosphate buffer pH 6 2 Side arm of vessel contains KOH Gas phase Nj 
later Hj Preceding dark period 20 hours in N s During this time the algae have 
formed Hj amounting to 0 2 per cent of the available gas volume Temperature 25° 

the photochemical hydrogen production The rate decreases with time, and 
we have often observed an apparent exhaustion of the supply of hydrogen do- 
nors This indicates that dark reactions constitute factors limiting the overall 
rate of the process 

In spite of the fact that the same conditions which favor the hydrogen fer- 
mentation also support the photochemical evolution of hydrogen we must 
emphasize that the new light reaction is not simply an acceleration of the dark 
fermentation which continues unchanged Table XV contains data which 
make this fact clear It is important for the understanding of the photochemi- 
cal reaction that the effect of light is apparently restricted to an increase of 
the production of hydrogen alone, and does not increase simultaneously the 
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output of free carbon dioxide and of organic a ads. This will become even 
more apparent in Part m concerning the effect of poisons on the photochemical 
hydrogen production 

Anaerobic Induction Periods — The tendency of the algae to liberate hydro- 
gen upon illumination after an anaerobic fermentation period prevails even in 
presence of carbon dioxide, though only for a short time Gaffron (18, 20) 
has described irregularities of the gas exchange of illuminated algae preceding 
normal photosynthesis when the plants had been kept for several hours in 
nitrogen With algae of the Scenedosmus type, the gas exchange during the 
anaerobic induction period consists first of a vigorous evolution of gas lasting 
from l to S minutes, followed by a gas absorption, which, then, turn* into normal 
photosynthesis (Compare Figs 1 and 2 in reference 20 ) Since at that tune 
it was found that no oxygen is formed during the first two phases of the anaero- 
bic induction period, and since Blinks and Skew, working with other species of 
algae reported an initial carbon dioxide gush during the fiiBt seconds of illu 
ruination, Gaffron interpreted the first momentary gas production as a libera 
tion of carbon dioxide. We have repeated these experiments m the presence 
of palladium black. In all cases the greater part, and in some cases all of the 
initial gas evolution, disappeared In presence of this absorbent for hydrogen, 
while the second and third phase of the anaerobic induction period remained 
more or less as described. In our opinion the correct interpretation of the 
anaerobic induction period with algae containing a hydrogenase system is as 
follows After a fermentation period of many hours the reduction of carbon 
dioxide is initially Inhibited, possibly on account of organic acids, and the 
plants react as if carbonic acid were absent- That is, they start to produce 
hydrogen With the beginning of carbon dioxide reduction, the evolution of 
hydrogen ceases and a period of photoreduction with internal hydrogen donors 
follows Then, depending on the light intensity used, this is succeeded more 
or less quickly by normal photosynthesis with the evolution of oxygen. (Com 
pare Fig 13a with Fig 136 and with Fig 1 m reference 20 ) According to the 
recent results of Emerson and Lewis with ChlorcUa (32) some carbon dioxide 
is released during the aerobic induction period upon illu m i n ation of the algae 
after a longer dark pause How much CO» is liberated before normal photo- 
synthesis starts depends on the condition of the algae and the concentration of 
carbon dioxide In the surrounding medium It Is possible, therefore, that the 
initial evolution of hydrogen during the anaerobic induction period in Scenedcs 
mus is accompanied in the same way by varying amounts of carbon dioxide. 

c.mm Hi „ 

Qh, (Light) -IS we express the rate m - mg ^ TOgM genera^ a 

value oi 3 and a maximal value oi 7 is obtained Though the hydrogen libera 
tron in the light is about ten times the rate m the dark (with very large devia 
tions to both sides), it is still very small as compared with the saturation rate 
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of normal photosynthesis The rate of photoreduction with hydrogen seldom 
surpasses the order of magnitude of respiration in the same algae, and the 
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Fig 13 Gas exchange of Scenedcsmus during the induction penod after several 
hours of anaerobic incubation in N» and its inhibition by carbon monoxide Fig 
13a, according to Gaffron in 1935 The initial evolution of gas was interpreted as an 
“oxygen gush,” followed by an internal COj reduction Fig 13b shows a similar 
experiment In presence of palladium black the initial gas production is not visible 
The rate of photoreduction appears to be smaller because only intracellular hydrogen 
donors are available The hydrogen developed during the preceding fermentation 
penod has been absorbed by palladium All anaerobic photochemical gas exchange 
is inhibited by carbon monoxide 

photochemical hydrogen evolution stays mostly below those rates It ap- 
pears, from studies of the oxy hydrogen reaction in the dark (Paper EH), that 
m all cases the hydrogen transfer systems (including the hydrogenase) are 
responsible for these slow rates 
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PART in 

The Effecl oj Specific Inhibitors upon the Production of Hydrogen tn Algae 

The preceding observations on the hydrogen fermentation and on the photo- 
chemical evolution of hydrogen in green algae of the Scenedcxmus type indicate 
that both reactions, though enhanced by the same anaerobic conditions, may 
have only one catalyst in common and are independent of one another m other 
respects In this part, we present more evidence supporting the assumption 
that the hydrogen liberated photochemically may have a different origin than 
that developed by fermentation. With dinitrophenol as a poison, it is possible 
to inhibit largely if not complfiteU the evolution of hydrogen m the dark while 
the photochemical production of this gas continues at the normal or even an 
increased rate (Tables XVII-X3X) 

As described m the preceding paper (Paper I), minute amounts of dinitrO- 
phenol influence all phases of the algal metabolism In agreement with re- 
sults obtained with other organisms reported in the literature, the inhibiting 
or stimulating effect is a function not only of the total concentration of dim 
trophenol, but also of the h> drogen ion concentration, probably because the 
free acidic form is the poison proper Table XVHI shows that 4 X 10 -4 M 
dinitrophenol at pH 6 2 inhibits the dark h> drogen fermentation, while at the 
same time the lactic acid formation is Increased (See also Table XXXL-) 
This appears to be a metabolic change similar to that known to occur in 3 
butyncum (Kempner Kubowitz (26) , (31)) where the inhibition of the hydrogen 
liberation by cyanide or carbon monoxide leads to an increase in lactic aad 
production. The &tovduocc£.txic relations, however* are different inasmuch a* 
the uninhibited hydrogen fermentation in algae is already a smaller fraction 
of the total anaerobic metabolism than m the bacteria mentioned. 

Table XIX shows what happens upon illumination of the poisoned algae in 
comparison with those kept under normal anaerobic conditions. As in all 
experiments on photosynthesis etc. we assume the true effect of light to be 
equal to the difference between the metabolic rates in the light and in the dark. 
An essential difference of this experiment from that presented m Table XV 
is that the gas phase contains 4 per cent of carbon dioxide in nitrogen instead 
of pure nitrogen The unpoisoned algae will respond to light, therefore, with a 
photoreduction of carbon dioxide partly at the expense of the hydrogen de 
v eloped during the previous dark tune, partly or mainly at that of the internal 
hydrogen donors. The pair of manometer vessels containing the poisoned 
algae present a quite different result The light effect here is the production 
of gas which is completely absorbed by palladium, \ 1 , a production of hydro- 
gen. Hydrogen is liberated photochemically though its fermentatnc pro- 
duction has been oppressed by the poison Furthermore, hydrogen appears 
despite the presence of carbon dioxide The action of the poison is thus two- 
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fold First!)'', it differentiates between the mechanisms of hydrogen produc- 
tion in the dark and in the light Secondly, it inhibits the photoreduction 

TABLE XVII 

Effect of Dimlrophcnol on the Production of Hydrogen tn Scencdesmus 
(a) 0 050 cc of cells in 3 cc of 0 05 m phosphate buffer pH 6 2 Temperature 25° 
Gas phase N, In the side arm of the vessels 0 2 cc 7 per cent KOH Light intensity I 
(sodium line 5890 A) measured m 10 5 ergs/cm ! /sec 




1 

2 

Volume of vessels, cc 


19 8 

21 2 

Condition 

Observation time 

Rate of Hi evolution in 

10 min 

Dark 

min 

120 

+0 85 

+ 0 70 

Poison added 

— 

— 

2 X 10-<m 

Dark 

90 

+ 1 03 

dinitrophenol 

±0 

Light 1=30 

50 

-fl 8 

+1 9 

Dark 

80 

+0 4 

(-0 2) 

Light 1 = 75 

30 

+6 1 

+8 1 

Light I = 12 

15 

+9 1 

+11 0 


( 6 ) 0 04 cc of cells of Scencdesmus Dj in 4 cc of 0 033 m phosphate buffer pH 6 3 In 
Experiments 2 and 3 the suspension contains 5 mg glucose Temperature 25° Gas phase 
Nj (control H 3 , 4 per cent CO 5 ) Preceding incubation time 3 hours 




1 

2 

3 

Volume of vessels, cc 


iso 

16 0 

IS 4 

Gas phase 

Poison added 

Kc/CO, 

N, 

N, 

0 2Xir>M 
dinitrophenol 


Tune 


, 

mm 



Dark 

40 mm 

-0 3 

! +1 5 

1 +0 7 

Light 1000 lux 

First 10 mm 

—18 

+7 

+9 


After 20 mm 

-27 

+3 5 

+8 


After 50 mm 

-26 

+4 

+7 

Dark 

10 mm 

-1 

+ 1 

±0 


going on in the unpoisoned algae In the absence of carbon dioxide only the 
first effect becomes apparent 

It has been shown that photoreduction as well as normal photosynthesis are 
, inhibited by dinitrophenol (Paper I) This substance is probably a specific 
poison for the transfer of hydrogen to carbon dioxide That gives us an ex- 
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TABLE XVm 

Increase of Ladle Add Formation in Presence of a Concentration of DinUropkend tTWci 
Inhibits the Dark Hydrogen Fermentation 


0 055 cc. of celts of Scenedetmus in 3 cc. of 0 05 u phosphate buffer pH 6 2 Temper 
ature 35 Gas phase Nj OT cc. ot 10 per cent E.OH solution in aide arms of vessels 
Dinitrophenol added anaerobically after 3 hour* dart incubation. 



Ofcaervatkm p«fed 

Control 

4 X Ur«tt dbJtm- 
pbanot 


Hydrogen liberated b cjraa 

(a) Photochemical (1cm intensity) 

| 

20 min. 

9 

14 

(6) Fermentative (dark) 

11 hrs 

88 

0 


i 

Lactic add (uqnuacd in cjmm 
normal fit) 

(c) Lactic acid formation 

| IS bra 

5 1 

47 


TABLE XIX 

Effect of Dinttrophenol on ike Bydroten Production in Scentdesmus D* 

0 082 cc. of crib in 3 cc. of 0.5 X 10"* * KHCO, Temperature IS* Ga» phut N, 
4 per cent COj. V ease Is 2 and 4 have 0J2 gm. palladium blact in aide arm 



1 

J 

1 ! 

4 

Votrone of Ytaaela, cc. 

Voiron* of liquid, cc 
^COr 

K Hi 

HX> 

34 

1A0 

U6 

IS 4 
jj 

1A1 

1JS 

B 

IS. 4 

1-5 

1JSJ 

147 



__ 

Pd 

r - 

Pd 





OAXID^M 1 

0AX10-«W 






dbltropbcaof 


Ototrratfen parted 

Rate* of prtuarr ebefito b 

Dark 

ISO min. 

+5 

+* 

+18 

+18 

Light 

50 mh. 

-1 5 

-3 ; 

+32 

+18 

I 

G*i odanto b Unlo. compoUd Irtm «bo« daU 

Dark, reaction 


+<S.5 cm COi 

+30 ennm. COi 



+1 4 c.mm Hi 

± 0 cjnm Hi 

Light reaction (corrected for dark 





reaction) 


— 11 crib COi 

=fc Octnro COi 



+0.7 cum Hi 

+ 19 unm. Hi 


Fomutteo of fra CO> and of *dd In the emm of 6 bra. 

(o) Total COi 


i +113cmim 


+323 ccmm. 

(fc) Lou of bicarbonate 

40 emm. and 

253 cjnm add 

(a) - (« 


73 c.mtru free COi 

70 unm free COi 

(c) Lactic add 

(expreseed in 





c.mm of gas equivalent!) J 

13 to IS unm lactic add j 

85 to 112 cjnm. lactic add 
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planation why m Table XVII the photochemical production of hydrogen m 
absence of carbon dioxide appears to be stimulated by dimtrophenol The 
fermenting cell has contmuahy some carbon dioxide at its disposal, in spite of 
the absorbing potassium hydroxide in the side arm of the vessel These small 
amounts react w ith part of the hydrogen which becomes available for reduction 
by irradiation Dimtrophenol may inhibit this reaction thus allowing more 
hydrogen to be developed 

Needless to say that very high concentrations of poison wall tend to affect 
also the light reaction At such high concentrations so many substances 
otherwise not toxic will interfere with the metabolism of plants that, gener- 
ally, one cannot speak any more of the specific poisoning of a certain reaction 

DISCUSSION AND CONCLUSIONS 

The occurrence of a hydrogen fermentation m some species of green algae is 
not surprising, once it has been shown that these species can utilize molecular 
hydrog en in light and dark reactions (1) It is known that hydrogenase sys- 
tems in bacteria may work both v> ays and catalyze (as should be the case w ith 
a true catalyst) the uptake as w ell as the evolution of molecular hydrogen 
Farkas and Farkas (33) have demonstrated that one function of a hydrogenase 
consists m establishing an equilibrium between molecular and bound atomic 
hydrogen Without any metabolic process going on, preparations of rest- 
ing B coli caused the complete exchange of some deuterium gas against an 
equivalent amount of hydrogen that was present in abundance as water m the 
liquid phase This agrees w ith our findings that in the dark the same algae 
release hydrogen from internal hydrogen donors m an atmosphere of nitrogen 
while they take up hydrogen m an atmosphere of hydrogen Gaffron pointed 
out that the uptake of carbon dioxide without a corresponding production of 
ox} gen by illuminated algal cells during the induction period after incubation 
m nitrogen should be regarded as a reaction with internal hydrogen donors 
quite similar to the photoreduction with free hydrogen The inhibition of the 
reduction with hydrogen by added glucose or yeast extract (1) was explained 
accordingly not as an inhibiting but as a competitive effect Our results not 
only support this view but suggest that, as far as the reduction of carbon 
dioxide in the bglit is concerned, there cannot be any distinction between the 
hydrogen originating from molecular hydrogen or from internal hydro- 
gen donors, since the latter are in equilibrium with the former Another 
question is that of the pathway of the reducing hydrogen from the donor to 
the photochemical mechanism In the case of internal hydrogen donors, the 
hydrogenase is possibly not included m the mechanism of photoreduction 
A comparison of reaction velocities and studies noth algae like CMordla which 
lack the hydrogenase system might decide this question 

So far no essentially new problems have arisen from the experiments de- 
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scribed in Part X of this paper The situation is different, however, if we turn 
to the photochemical evolution of hydrogen in Parts H and HI This reaction 
is not only new but unique No analogy to it has been reported even among 
the many reactions of the purple bactena, the place where it might haw been 
found The essential characteristics of the new reaction are as follows 

1 It is not an acceleration of a dark fermentation 

2 Its magnitude depends on the amount of internal hydrogen donors 

3 It appears in place of a carbon dioxide reduction whenever this reduction 
is inhibited either by actual absence of the substrate or by poisoning 

4 It shares with fermentation, photoreduction, oxyhydrogen reaction, etc,, 
of these algae the property that it cannot be observed under aerobic conditions 
or under anaerobic ones when the proper reduction of the essential enzyme 
system has been blocked bv oxygen or poisons 

To the question about the origin of the hydrogen produced photochemical^, 
one may give at present more than one answer One may, for instance, 
assume a direct photochemical decomposition of hydrogen donors, a land of a 
“photafermentation" as it were We prefer, however, the following more 
adequate hypothesis We assume that the hydrogen originates from water 
m the photochemical reaction, that it is part of the hydrogen destined to reduce 
carbon dioxide Unable to reach the substrate, the hydrogen is transferred to 
the hydrogenase and there transformed into the free gas The dependency of 
this reaction upon the presence of suitable hydrogen donors in the cell be 
comes understandable if we consider that the photochemical production of 
reducing substances from water demands an equivalent formation of oxidized 
counterparts In case the reducing substances are not used in the reaction 
with carbon dioxide they will most likely form water agam with those oxidized 
partners Only inasmuch as the latter are reduced and taken care of by 
other reducing compounds (hydrogen donors) m the cell there is an oppor 
turnty for hydrogen made available by the photochemical reaction to be re- 
leased as free gas by wav of the hydrogenase system 

summary 

1 After 2 hours of fermentation m nitrogen the metabolism of those algae 
which were found capable of photoreduction with hydrogen changes In such a 
way that molecular hydrogen is released from the cell in addition to carbon 
dioxide, 

2 The amount of hydrogen formed anaerobicall) in the dark depends on 
the amount of some unknown reserv e substance in the cell. More hydrogen is 
formed in presence of added glucose but no proportionality has been found 
between the amount of substrate added and that of hydrogen formed This 
is probably due to the fact that two types of fermentation reactions exist 
with little or no connection between them Whereas mainly unknown organic 
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acids are formed during the autofermentation, the addition of glucose causes a 
considerable increase in the production of lactic acid 

3 Algae which have been fermenting for several hours m the dark produce 
upon illumination free hydrogen at several times the rate observed in the dark, 
provided carbon dioxide is absent 

4 Certain concentrations of dinitrophenol strongly inhibit the evolution of 
hydrogen in the dark Fermentation then continues mainly as a reaction 
leading to lactic acid In such poisoned algae the photochemical liberation 
of hydrogen still continues 

5 If the algae are poisoned with dinitrophenol the presence of carbon diox- 
ide will not interfere with the photochemical evolution of hydrogen 

6 The amount of hydrogen released m this new photochemical reaction 
depends on the presence of an unknown hydrogen donor in the cell, it can be 
increased by the addition of glucose but not m proportion to the amount added 

7 The results obtained allow for a more correct explanation of the anaerobic 
induction period previously described for Scenedesmus and similar algae The 
possibility of a photochemical evolution of hydrogen had not been taken into 
account m the earlier experiments 

8 The origin of the hydrogen released under the influence of light is 
discussed 
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Several species of algae have the capacity to include molecular hydrogen 
in their metabolism This capacity becomes apparent only after anaerobic 
incubation and is lost again in contact with oxygen While traces of oxygen 
are sufficient to prevent the appearance of the reactions with hydrogen, 
measurable amounts of oxygen are tolerated after adaptation to the hydrogen 
metabolism This tolerance is due to the fact that the oxygen is rapidly 
reduced to water The present investigation of this reduction, the oxyhydrogen 
reaction, m algae was undertaken when it was found that carbon dioxide a 
reduced in the dark simultaneously with the formation of water from oxygen 
Though here observed for the first tune in green plants this coupled oxido- 
reduction of carbon dioxide is known to occur in several strains of bacteria 
The surprisingly high yield of carbon reduced per molecule of oxygen in so 
called Knallgas bacteria has been pointed out by those who first discovered 
it (34) and gave nse to a treatise on thermodynamics in living cells (35) 
Since that time the problem has certainly not become less interesting The 
question of how the formation of water is coupled with the reduction of carbon 
dioxide is still unsolved 

Now at a tune when experiments with radios ctively labeled carbon have 
shown that carbon dioxide can reenter along many ways the carbon cycle in 
living cells, this type of reaction deserves renewed attention. The dark re- 
duction with hydrogen lies on the border Lme between autotrophic and heter 
otrophic carbon assimilation Free hydrogen is the simplest of all reducing 
agents Both autotrophic and heterotrophic bacteria are known in which 
molecular hydrogen can replace either inorganic or organic hydrogen donors 
In the present case the dark reduction of carbon dioxide acquires a particular 
importance since it occurs in the same cell that carries on photoreduction and 
photosynthesis Observations concerning the dark reduction could supple 
ment our knowledge of the mechanism of photosynthesis. The mvcstlga 
tions reported below have, indeed revealed many striking aim dan ties between 
light and dark reactions espeoalU a certain parallelism in the effect of spcci 
fic poisons 

Summarizing these results one can hardly avoid the conclusion that with the 
exception of the tvpical light absorption by chlorophyll both photorcduction 
and dark reduction of carbon dioxide in green algae proceed along the same 
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pathvi ays It would be premature, of course, to say that the bacterial dark 
reduction of carbon dioxide with h}drogen requires a similar mechanism 

Material and Method 

(a) General Remarks — Unicellular algae of the genera Sccnedesmus, Rhapidium, 
Anhslrodcsmus , and perhaps many more, which contain or develop a hydrogenase 
system, can reduce oxvgen with hydrogen under the proper anaerobic conditions 
Several species of Scencdcsmus have been used in most of the experiments, because 
the} are easier to cultivate than the other algae named above For culture methods 
see a recent review (36) The anaerobic treatment is the same as described for 
photoreduction (Papers I and II) 

Warburg’s manometnc method has been used to measure the gas exchange of the 
algae, as m the previous investigations The measurements of the oxyhydrogen 
reaction are m some respects simpler, in other respects more difficult than the experi- 
ments on photoreduction They are simpler because there is no doubt that the com- 
plete reduction of oxygen with hydrogen yields water They are more difficult because 
the gas exchange does not include too, but three gases O 2 , H 2 , and CO 2 While the 
nature of the reactions could be established beyond doubt, the determination of the 
number of molecules of carbon dioxide reduced per molecule of oxygen required the 
comparison of a large number of experiments since the result of a single measurement 
is liable to large fluctuations The observed deviations, however, are not due solely 
to the method Under anaerobic conditions m nitrogen, the algae ferment, producing 
carbon dioxide, organic acids, and hydrogen If the fermentation is earned on under 
hydrogen, as was the case in the present expenments, the algae not only ferment but 
continue to absorb vanous amounts of hydrogen (Compare Table XI in Paper II ) 
It is the underlying basal metabolism which often introduces an error up to 20 per 
cent in the individual measurement This error lies always m the same direction 
More hydrogen is absorbed during the oxyhydrogen reaction than is due solely to the 
latter A proper correction is easily applied by deducting metabolic rates observed 
in control expenments or during the penods before and after the reaction m question 

(b) Details of Method — To prove the reduction of carbon dioxide in the course 
of the oxyhydrogen reaction the difference in the amount of total CO 2 before and after 
the reaction has been determined The initial amount was known either because an 
analyzed gas mixture was used to fill the manometer vessel, or because carbon dioxide 
was released previous to the measurement inside the vessel from a carbonate solution 
and could be measured manometncally After the oxyhydrogen reaction had run to 
completion the remaining carbon dioxide was absorbed completely by a potassium 
hydroxide solution Flasks serving a similar purpose, the so called Dixon-Keihn 
\ essels, are described m the literature (37) The latter have a rather massive stopcock 
at the bottom of the flask which prevents their use m photochemical expenments 
We have employed two other ways to absorb carbon dioxide In the first method 
the side arm of the manometer vessel has a wide opening which is closed by a ground-in 
stopper protruding into the side arm m form of a paddle By turning the stopper the 
paddle breaks a delicate glass bulb containing the potassium hydroxide solution The 
solution, spreading over a piece of filter paper, now rapidly absorbs all carbon dioxide 
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(see Fig 14 6) No gas bubbles are allowed in the glass bulb If It is important to 
know the gas volume and the amount of liquid in the vessel the glass bulb is weighed 
before and after filling For filling it is simpler to boll some water in the bulb and dip 
the capillary end into the potassium hydroxide solution than to use vacuum in a 
desiccator After breaking off most of the capillary the opening is scaled with a little 
paraffin or wax A drawback of the method la that it depends so much on the skill 
of blowing the glass bulbs. A bulb which does not break when the paddle is turned 
means the loss of on experiment which has already been running for a day or two 
The second method depends on a type of vessel we have been using for quite some 
time The side arm is connected with the mam part of the vessel through a large 
bole in the ground joint where vessel and manometer fit together The side arm can 
be closed and opened by turning the vessel around its vertical axis (Fig 14 a) The 
supporting springs are attached to a concentric nng turning freely around the capillary’ 
It is unnecessary to remove the vessels from the thermostat or to touch than nt all 



b 

Fio 14 For explanation see text. 

with the fingers. Thermal pressure changes are thereby prevented The great 
advantage of using these vessels Is that the side aim can be closed and opened several 
times in the course of an experiment A disadvantage is the existence of a separate 
gas space above the potassium hvdronde solution. While the side arm remains 
dosed the pressure changes in the main part of the vessel due to the algal metabolism 
plus the change in barometric pressure have no effect on the isolated gas space When 
the side arm is opened again there will be a sudden equalization of pressure between 
the main and the tide compartment Two ways arc open to take care of the difficulty 
One way is to reset the manometer reading and to re-establish the pressure prevailing 
at the moment of the dosing just before the side arm is reopened The other requires 
the computation of the expected change in manometer reading In any case it is 
recommendable to open the side arm first for a moment onlj to the point where a 
pressure exchange but no appreciable gas exchange occurs. This allows checking 
both methods as to the absence of any pressure jumps or as to the amount of the 
computed correction. 

When a certain gas exchange occurs while the side arm Is open the manometnc 
reading will be different (smaller) than when the tide arm is dosed. In other words, 
we have two vessel constants, Ki and Kz for the smaller nnd for the larger gas volume 
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A certain gas exchange of a cubic milhmeters then is given by 
a = P 1 K 1 = P?K*, where Pi or P 2 are manometnc pressure changes in milhmeters 
of Brodie solution (1,000 mm = 1 atmosphere = 762 mm Hg) When the gas 
exchange has taken place with the side arm closed and afterwards the arm is opened 
the reading Pi will in this moment change to P 2 , just as if the gas exchange had 
occurred m the greater \olume The difference, AP = Pi - P 2 is the correction which 
has to be applied after all the carbon dioxide has been absorbed Since a continuous 
gas absorption begins once the side arm has been opened, AP cannot be measured 
accurately The difference can be computed according to 

ap - * - p. £ - p, (i - 1;) o, 

Ki and fv 2 , are the vessel constants according to Warburg's well known equations 
(See Dixon (37) ) 

The solubilities of oxj gen and hydrogen in water are small and approximately equa 

°Oi = ° 03 ' “hj = 0 02 

We can use, therefore, the same constants for computations in\ olvmg the exchange 
of these two gases Furthermore, since the \ essel constants for oxj gen and hj drogen 
are equal a plot of experimental data m millimeters of manometnc readings will give 
an undistorted picture of the e\ ent as far as the oxvhj drogen reaction is concerned 
The question anses whether it is allowed to proceed in this manner, if carbon dioxide 
is reduced together with oxjgen The following calculation shows that the error 
introduced by plotting all types of experiments in millimeters of gas pressure changes 
is slight Let us assume that one-half molecule of carbon dioxide is reduced to the 
le\ el of carbohj drate together with 1 molecule of ox\ gen The balance of the reaction 
can be wntten 

(a) 20, -f ICO, + 6H; -* I(CH, 0) + 5H, O 

(carbohj drate) 

Onh one-ninth of the disappearing gas volume is carbon dioxide On account of its 
greater solubihtj in water the vessel constant for C0 2 mav be 1 6, for instance, instead 
of 1 3 as for the other gases 

In letting the reaction proceed with 50 c.mm of oxjgen we expect according to 
equation (a) at best a total gas uptake of 225 c.mm This would correspond to a 

200 25 

manometnc pressure change of = 1 = 170 mm Neglecting the different \ essel 

1 o 16 

constants for carbon dioxide and multipljmg 170 with 1 3 we obtain 221 c.mm instead 
of 225 c mm This is an error of 2 per cent 

It is x en easj to introduce into se\ eral manometer % essels approximatelj the same 
amount of oxjgen and to measure the amount introduced into each vessel veiy 
accurately, whereas one would need an elaborate apparatus to introduce exactly the 
same \olume of oxjgen into e\erj one of the i essels In sets of several parallel 
measurements the procedure was as follows All manometers are set so that the 
pressure within the i essel is 300 mm below atmospheric pressure (1 atmosphere = 
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10,000 mm Brodic solution) A vent stopper leading to the air is turned once \er) 
quickh Some air is drawn into the vessel and no gas within the vessel can escape 
b> diffusion against the air current. The manometer vessels are left standing for 3 to 5 
minutes. The air introduced diffuses throughout the vessel and attains the tempera 
ture of the thermostat Now a read mg is taken and the vessels are set m motion. 
With the beginning of shaking the oxygen diffuses rapidly mto the cell suspension 
and the reaction starts. A pressure difference of about 200 mm, before and after the 
introduction of air can be measured accurately Since 0.207 is the percentage of 
or> gen m air, 200 mm. of air are equivalent to 41 4 mm of O* The correct zero 
point for the beginning of the oxyhvdrogen reaction is not the second reading taken 
while the vessels were still standing because the air has not readied the equilibrium 
distribution yet between the gaseous and the liquid phase. Consequently a little 
more gas than is due to the metabolic reaction will be absorbed by the cell suspension 
during the first minutes of shaking Correction for this may be made by taking the 
solubility of air in the suspension medium into account. When several vessels are 
treated in the same way the amounts of oxygen introduced into the vessels differ from 
a few per cent up to 20 per cent. 

The shape of the reaction curve is independent of the partial pressure of oxygen 
the rates are proportional to it. Consequently for comparison all curves can be 
superimposed The data of one experiment are multiplied with a factor given by the 
ratio of the two different oxygen partial pressures In Table XX the data of several 
measurements have been computed on the assumption that exactly the same amount 
of oxygen equal to 0 5 volume per cent had been introduced into the vessel The 
obvious coincidence justifies the procedure outlined All comparative measurements 
have been plotted in a like manner 

Influence of Carbon Dioxide on the Oxy hydrogen Reaction 

The simple reduction of oxygen nth hydrogen to water b) living cells should 
require an uptake of the respective gases m the ratio of 1 Os to 2 Hj. If one 
introduces into a vessel containing a suspension of adapted algae on amount 
of owgen corresponding to a rise of 50 mm in partial pressure, one can expect 
the oxygen to disappear together with twice the xolume of hydrogen At the 
end of the reaction the manometnc pressure should be 100 mm lower than 
at the beginning of the experiment, before the addition of or> gen. Actually 
this is observed only under special conditions as we shall see below An 
experiment was performed with hydrogen containing carbon dioxide of the 
same partial pressure as used in cultivating the algae. Another vessel con 
tamed pure hydrogen and potassium hydroxide solution in the side arm in 
order to absorb carbon dioxide uhich might be formed If some of the oxygen 
would not react with hydrogen but oxidize organic substances. Curves 
a and 6 in Fig 15 are the observed results m presence or absence of carbon 
dioxide Table XX contains similar experiments in more detail Much 
more than the theoretical amount of gas is taken up by the algae in presence 
of carbon dioxide and less in its absence The incomplete reduction of ox> gen 
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TABLE XX 

Oxyhydrogen Reaction m Presence and Absence of Carbon Dioxide 
0 02 cc of cells of Sccncdesmus obltquus species Pnngsheim m 2 cc of 0 033 u phosphate 
buffer pH 5 4 (a) 0 2 cc of 0 1 H K 1 CO 3 added from a side arm after incubation Vessel 

contains now 450 c mm of C 02 , 60 per cent of which are retained in the solution ( b ) 0 2 cc 
of S per cent NaOH m side arm to absorb all CO 2 Temperature 25° Incubation 12 hours 
in Hj 


(a) COj present 


(5) CO» absent 


Volume of vessel*, 
cc 

14 9 

16 0 

15 0 

15 4 

15 2 

15 4 

0 2 introduced, 
mm 

57 

46 

60 

41 

48 

44 

Time 

Mm of gas absorbed, (1) observed, (2) calculated for SO mm of Or 

1 

2 

l 

2 

1 

2 

1 

2 

1 

2 

m 

O 

nun 




m 









60 

76 

67 

66 


87 

72 

33 

m 

36 

37 

33 

37 

120 

144 

126 

119 

■T7T 
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135 

59 

72 

67 

■ 

61 

69 
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185 
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68 

83 

77 
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80 

180 

180 

158 
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161 

199 
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86 

83 

86 

75 

85 
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97 

85 

97 
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Fig 15 Oxyhydrogen reaction in presence and absence of carbon dioxide 


is easily explainable by side reactions The oxygen might partly be used up 
by hydrogen donors other than hydrogen or even by normal respiration The 
excess absorption of hydrogen, however, indicates the simultaneous reduction 
of some substance other than Os Measurements of the total amount of 
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carbon dioxide before and after the completion of the oxyhjdrogen reaction 
revealed that considerable amounts of carbon dioxide had disappeared to- 
gether with the excess h>drogen. Table XXI contains some of the data 
We see that the hydrogen tahen up in excess over the amount necessary for 

TABLE XXI 

Disappearance of Carbon Dioxide in the Course of Iht Oxy hydrogen Reaction in the Algae 
Scmedan:t(i and Rhapkidttm 

Co. 0.03 c c of cell* in 3 cc. of various media Gas phase Hj with 0.5 to 1 7 voL per cent 
CCh Oi introduced measured directlj COs disappeared measured as difference between 
the initial and the final carbon dioxide content. H* absorbed measured as difference between 
the total pressure change and the pressure change due to the absorption of ox y g en and of 
carbon dioxide 


Alfte aad tcrdlcrm 

Duration 

Gumduaxa la exptibnait 
»ito axntn 

G*j cichaBjn la Ict 
BM atlac control 

mtnt 

Oj 

Utrudocrd 

CO, 

dl»pp**r*d 


CO, 

H, 


kr, 

cn 

cjmm 

(JOL 

c^m 

CJRat. 

Sctntdtsmus Dj (old cnl- 
tore) m m/ 15 phosphate 
buffer pH 6.5 

44 | 

278 

90 

609 



Scenedesmtu Dj in m/ 20 1 
phosphate buffer pH6.0 1 

47 

258 

71 

596 

+2 s 

+4 


18 

298 

82 

962 

+34 

-49 

Scentdarnut Dj in culture 

12 

267 

75 

761 

+M 

-105 

media m 

27 

470* 

130 

820 

+ 11 

-8 

Rkaphidium polytnorpkbnn 
In culture medium pH 

5 7 

23 

196 

81 

560 

±0 

-50 

Scentdumus Dj in culture 
medium 

19 

420 

128 

1 210 

+11 

-18 

Scenodcsmus in u/20 

KHjP0 4 

17 

206 

65 

567 i 

-f 5 

-1 


Not all oxygen absorbed. Algae tamed to aerobic conditions, oxy hydrogen reaction 
stopped 


the formation of water is not always sufficient to bnng the carbon of the 
missing carbonic acid to the carbohydrate level. It can hardly be ex- 

. . , .. . t Additional H 3 absorbed „ , 

pected however that the ratio — 3 3 will be exactly 

r COs disappeared J 

2 In each experiment. The often apparently Incomplete reduction of 
ox>gen and the fermentation processes (see Paper H) are factors which must 
cause appreciable deviations Since in photoreduction and photosynthesis 
the reduction of carbon dioedde proceeds to the level of carbohydrate, it is 
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veiy probable that also here carbohydrate is formed As long as a chemical 
analysis of the substances produced under these conditions is wanting this re- 
mains, however, an assumption 


The Ratio of Carbon Reduced Per Molecule of Oxygen Absorbed 

In continuation of the experiments it was soon found that the course of the 
oxyhydrogen reaction, and xVith it the yield of reduced carbon, varied much 
more with experimental conditions than did photosynthesis m the same set 
of algae A statistical survey of the results of 129 measurements gives a 
clear answer as to the maximum amount of gas absorbed per unit of oxygen 



Fig 16 Total amount of gas absorbed upon addition of 50 c mm of oxygen in 
presence and absence of carbon dioxide 


In Fig 16, the individual results have been arranged mto columns 10 c mm 
apart Data between the numbers 96 and 105, for instance, have been counted 
as 100, between 106 and 115 as 110, etc These data fall into two groups, 
one m which carbon dioxide was known to be present and in another m which 
it was known or supposed to be absent 

In the group without carbon dioxide, the majority of experiments point to 
the absorption of only two volumes of gas (1 O 2 + 1 H 2 ), the rest indicate an 
approach to a maximum of three volumes, (1 O 2 + 2 H 2 ) In the other 
group, three volumes constitute the minimum yield found only m a fraction 
of all the experiments, while the majority shows an absorption of four to four 
and one-half volumes, that is, 200 to 225 c mm of gas for 50 c mm of oxygen 
There is no doubt that the formation of n ater, 1 e the absorption of one part 
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of oxygen with two parts of hydrogen, is the exception The oxy hydrogen 
reaction either Btops before or surpasses it by including the reduction of some 
carbon dioxide. Therefore it is the presence of carbon dioxide which decides 
which course will be taken. We can state that as Boon as carbon dioxide is 
present, the ox> hydrogen reaction goes to completion Water is formed 
always, simultaneously carbon dioxide is reduced in varying amounts. 

If we consider hist the group of experiments where carbon dioxide was 
absent, we may be allowed to disregard those experiments in which water has 

TABLE XXII 

Abstnct of Raftrailon during Oxykydroim Read km 


0 03 cc. of cells of Sccnedtsmns Dj washed with 0 03 M NijHPO« then suspended in 3 cc, 
err 4.5 cc. of medium Gas phwe Hi Temper* tore 25 Adaptation time 6 hour*. 
Final COi content measured by acidifying with HiSOi Duration of experiment 2 day*. 




1 OXU cc. of etik In 3 cc- CLD6 w NtaHFO* 

0jM5 cc of celt* to 4.3 cc of 
pta*A*t* buffer 



pH*a ] 

pH 7* 

VohioK erf Mtk, cc. 

16.7 

iu 1 

184 

.u i 

13.0 

164 

13.J 

Total amount of 

1 








Oj Introduced 
in several por 
Horn of about 
50 mm. each 

•min 

0 

374 

321 

327 

160 ' 

172 

185 

Total amount of] 

i 








jus abtorbed 
IP* -V H£) 1 

DIM 

(+7) 

-651 

-748 

-776 

-405 

—464 

-432 

Difference of total 









COi content of 
auspeniion be- 
fore and after 
experiment 

mm ' 

-HO 

+24 

+20 

+23 

±0 

-7 

+14 


apparently been formed and which overlap with similar results in the carbon 
dioxide group Because fermentation contmunlly supplies the cell with small 
amounts of carbon dioxide it is not surprising that part of the experiments in 
absence of known amounts of carbon dioxide should yield results as if this gas 
were present Significant is the fact that in the absence of carbon dioxide the 
oxvhydrogen reaction falls to go to completion in most of the experiments 
In these experiments the ratio of hydrogen to oxygen is about 1 1 We I earn 
from these data that the two molecules of hvdrogcn which reduce oxygen to 
water are not equivalent in their mode of action First an intermediate com 
pound is formed from oxygen and one molecule of hydrogen, and it depends 
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on the presence of carbon dioxide whether the reaction will utilize more hy- 
drogen to form water or continue in unknown directions Carbon dioxide is 
not merely the hydrogen acceptor in a coupled reaction, but occupies m 
addition a key position directing the course of the oxyhydrogen reaction 
(Compare literature m reference 38 ) 

As to the fate of the intermediate compound in absence of carbon dioxide, 
it is unlikely that the substance accumulates The incomplete reaction 
with oxygen can take place several times m succession without apparent 
damage to the algal cells (compare Table XXII) If such an intermediate 
(probably a kind of peroxide) would not disappear by a reaction with internal 
hydrogen donors, the first thing to happen would be the inactivation of the 
hydrogenase system In fact, the latter invariably becomes inactivated, 
if the rate of oxygen uptake (determined by the partial pressure of oxygen) 
is too high or if the reaction is inhibited by cyanide (see below) 

Turning now to the group of experiments m the presence of carbon dioxide 
in which the oxygen is completely reduced by hydrogen, we were interested to 
know how much gas would be absorbed m addition to the two volumes of 
hydrogen needed for the formation of water From Fig 16, it is apparent 
that up to three additional volumes of gas absorbed all intermediate values 
may be found Fig 16 shows that, after reaching a peak at about 225 c mm 
total gas absorbed for each 50 c mm of 0 2 , the number of experiments giving 
greater values drop off rapidly No case is recorded where the total uptake 
surpasses 300 c mm of gas An examination of the highest values above 
250 c mm has shown invariably that they belong to experiments of very long 
duration or of large and questionable corrections 

50 c mm (or mm ) of Os is our “standard” volume We conclude that not 
more than 1 5 volumes of additional gas are absorbed by the plant for 2 volumes 
of hydrogen utilized m the oxyhydrogen reaction It has been shown (Table 
XXI) that carbon dioxide is taken up together with an excess of hydrogen 
If in this reaction carbohydrate is produced, the ratio of carbon dioxide to 
hydrogen should be 1 2 With the understanding that the coupling between 
the formation of water and the reduction of carbon dioxide is stoichiometric, 
we can expect for each volume of oxygen absorbed the following maximal 
amounts of “extra” gas 

(1) H H = + % CO 2 = % volume 

(2) 1 H 2 + 0 5 CO 2 = 15 volumes 

(3) 1 5 Ho + 0 75 CO 2 = 2 25 volumes 

(4) 2 Ho + 1 C0 2 = 3 volumes 

Of all possibilities only the second fits the great majority of observations and 
is further supported by other experiments reported below There is no doubt 
that it is possible to obtain results which apparently agree with the third or 
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even fourth ease, but only if the very end of the absorption process continuing 
for many hours is ascribed to the oxyhydrogen reaction and not to a secondary 
absorption of hydrogen connected with fermentation, and if no correction is 
applied for this continuing metabolism as well as for the gas exchange observ 
able pnor to the experiment The observed yield of 0 5 molecule CO a for 
1 molecule 0* is the highest well established value m the literature on the dark 
reduction of carbon dionde coupled with the oxyhydrogen reaction Ruh 
land's (34) best results gave 0 3 molecule COj 

The Pari Played by Respiration during the Oxyhydrogen Reaction 

In all cases where the oxyhydrogen reaction proceeds with the absorption of 
two or more equivalents of hydrogen for each molecule of oxygen, there is 
little doubt that practically none of the oxygen absorbed by the cells is used 
m normal respiration In discussing the fact that the Incomplete reaction m 
absence of carbon dioxide, which leads to the uptake of one molecule of hy 
drogen only, ra not harmful to the cell, it was concluded that the first interme- 
diate must react further and disappear b> way of an internal reduction. In 
connection with this unknown step, a formation of carbon dioxide appeared 
possible Table XXH shows the results of several experiments made with 
the purpose of establishing any such production of carbon dionde. The algae 
were suspended m alkaline phosphate solution which retains anj carbon dionde 
released from the cells as carbonate or bicarbonate. The partial pressure of 
free carbon dionde was so low that the reaction remained incomplete, as 
explained m the preceding paragraph Onl> about one molecule of h> drogen 
was taken up for each molecule of oxygen absorbed The quantities of oxygen 
used were much greater than in most of the other experiments. To make this 
possible, small and tolerable amounts of oxygen were introduced rcpeatedl) 
The difference determined by a ad titration between the carbonate content 
of the solution before and after the experiment was always less than one-tenth 
of the corresponding amount of oxygen This small production of carbon 
dioxide can easily be accounted for by fermentation The amount of carbon 
dioxide formed during the same tune in a fermenting control was *ven larger 
Since we can hardly assume that the first step in the ox> hydrogen reaction 
leads to a ver> stable intermediate, it follows that the internal h> drogen donor 
reacting in place of the second molecule of hydrogen does not jield carbon 
dioxide in this process Certainly normal respiration is suppressed com- 
pletely under the circumstances fa^ onng the oxyhydrogen reaction This is 
remarkable because less than 1 per cent of oxygen can still support respiration 
in these algae when the low partial pressure i3 applied in direct exchange for 
air On the other hand once a return to aerobic conditions has been enforced 
bx a small excess ' of oxj gen the ox\ gen uptake now continues through 
respiration 
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Partial Reactions 

In the preceding paragraph it has been shown that the course of the oxy- 
hydrogen reaction involves two or more steps which differ in importance for 
the induced reduction of carbon dioxide A study of these partial reactions is 
encouraged by the fact that they are clearly demonstrated when the course of 
the reaction is plotted in curves showing either the total amount of gas ab- 
sorbed, or the rate of absorption, versus time The same breaks or sudden 
changes in slope which can be seen in Figs 15, 19, 21, and 22 have been verified 
in 75 per cent of more than a hundred single experiments Small deviations 
in the readings are sufficient to obliterate this peculiarity No such well 
defined breaks are obtained if the curves are drawn through observation 
points which are few and far apart or if the data of several parallel experiments 
are averaged and plotted 

Our interpretation of the broken curves is that the very first partial reaction 
is faster than some of those which follow In general the curves have three to 
four distinct breaks and hence consist of as many straight lines of different 
slope In several cases these straight lines, when traced back to the ordinate, in- 
tersect it at points having the same number of millimeters or multiples thereof 
as the initial partial pressure of oxygen This observation is general and 
therefore cannot be ascribed to chance The obvious interpretation is that 
the absorption of oxygen, of hydrogen, and of carbon dioxide starts nearly 
simultaneously, each of these reactions proceeding at a different rate Prob- 
ably the rates of absorption for each one of the three hydrogen equivalents are 
also different Whenever a partial reaction has come to completion, its rate 
drops to zero, and consequently the overall rate diminishes The initial 

absorption of oxygen is artificially maintained at a slow rate Since it sets 

the pace, any ensuing partial reaction faster than this one remains unnoticed 
Two problems present themselves (1) 'Which partial reaction, if its rate 
becomes too fast, leads to inactivation? and (2) "Which partial reaction is 
coupled with the reduction of carbon dioxide? In answer to the first question, 
we can state that the rate of oxygen absorption nses in proportion to the partial 
pressure of 0 2 (Compare Table XX ) Depending on individual conditions 
of the algal cultures, up to two volumes per cent of oxygen may be tolerated 
Inactivation is observed usually above one volume per cent of 0» The 
maximum rate obtainable without inactivation is approximately equal to the 

maximum rate of photoreduction m the same cells (Compare Table IV m 

reference 22 ) With a small “excess” of oxygen inactivation is a comparatively 
slow process Large amounts of oxygen (ten to twenty volumes per cent) 
produce momentarily a very high rate of oxygen uptake followed by quick 
inactivation The very first uptake of oxygen, then, seems to be a fast re- 
action leading to the accumulation of an intermediate which, if it is not re- 
moved, brings about inactivation This agrees with the observation that 



HANS GAFFSON 


253 


more oxygen, than would be tolerated initially, may be added to the cell 
suspension after the first break in the velocity curve has been passed. It is 
therefore possible to maintain the reaction for an indefinite period of tim e 
at the initial or even at a higher rate Consequently oxygen will be con- 
sumed by the cells in large quantities. The experiments of Table XXI, 
proving the disappearance of carbon dioxide, as well as those of Table XXII, 
were made in this manner 

As to the coupling with the carbon dioxide reduction it is significant that 
from the start of the oxygen absorption the rates m the presence or absence 
of this gas differ If the reduction of carbon dioxide were a slow reaction 
the experimental observation presumably would have been a prolonged uptake 
of hydrogen at a more or less steady rate in excess of the amount necessary' to 
form water Fig 15 shows that this 15 not the case The initial rate in 
presence of COi is approximately doubled Plots of the difference of the 
curves with and without carbon dioxide demonstrate that the induced reduc 
tion is completed in about half the time required for the total process (Figs. 
20 and 21) 

Influence of Cyanide 

The inhibition of adaptation to the hydrogen metabolism by cyanide has 
been described in Paper L Here we shall discuss the manner in which c\ 
arude influences the oxvhvdrogen reaction after adaptation has been completed. 
Table XXITI shows that relatively small concentrations of cyanide inhibit 
the oxybydrogen reaction definitely If larger amounts of cyanide are added 
m advance hardly any hydrogen is absorbed, the oxygen disappears slonly, 
and the algae lose the ability of performing any kind of metabolism Hence 
the effect of very high concentrations of cyanide hardly permits one to draw 
conclusions as to the mode of action of the poison (contrary to the experiments 
with high concentrations of hydroxy la mine) The experiment shown In 
Fig 17 was made with a cyanide concentration which inhibited photoreduction 
about 50 per cent The coupled reduction of carbon dioxide is stopped 
whenever HCN is added The reduction of oxygen continues. A comparison 
of the action of cyanide in the presence (Fig 17) or absence (Fig 18) of carbon 
dioxide clearly demonstrates that it is the induced reduction of carbon dioxide 
which is most sensitive to cyanide The first part of the oxybydrogen reaction 
leading to a ‘peroxide’' takes place. (The word “peroxide ’ here is used 
only as a short expression for the fact that oxygen and hydrogen are taken 
up in equal volumes.) From then on a further reduction of the “peroxide” 
is inhibited If ‘peroxide” is formed and accumulates it would not be sur 
prising to observe that the hydrogens se system becomes inactivated whenever 
the oxyhydrogen reaction occurs in the presence of cyanide The percentage of 
inactivation is related to the time at which the poison Is added after the start 
of the oxyhydrogen reaction (Compare Table XXIV ) These findings 
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agree well w ith the observation that cyanide enhances the return of photo- 
reduction to normal photosynthesis and that it prevents the adaptation even 
at concentrations which, added after adaptation, permit photoreduction to 
proceed at a measurable rate In the experiment of Table XXIII, for instance, 
where during the oxyhydrogen reaction the hydrogenase system becomes in- 
activated m the presence of cyanide, we find only 13 per cent inhibition of 
photoreduction before and a normal rate of photosynthesis after the turnback 

TABLE XXIII 

Inactivation of the Hydrogenase System by Oxygen tn Presence of Cyanide 
0 048 cc of cells of Scenedcsmus D 3 in 4 cc of 0 05 11 phosphate buffer pH 6 5 Gas phase 
H 2 , 8 per cent CO 2 Temperature 26° Poison added anaerobicallj 2 hours before 
experiment 




1 

2 

Volume at vessels, cc 


lfiO 

15 4 

Cyanide concentration 

- 

2 X 10~*nHCN 


Observation tune 

Rate of gas exchange in -- tnn I- 
10 min 

(a) Light 2000 lux Photore-1 
duction / 

17 nun 

-52 

-45 

( b ) Dark Oxyhydrogen reaction 

After 10 mm 

-22 

-8 

with 50 mm of O* 

After 60 min 

-15 

-5 


After 120 mm 

-10 

-1 

(c) Light 2000 lux Photore-1 




duction in (1) Photosyn4 
thesis m (2) J 

20 mm 

-66 

+9 


Influence of Hydroxylaimne 

With hydroxylamme the effects appear to be very complex Firstly This 
poison, contraiy to cyanide, may be added (after adaptation of the algae) 
m large concentrations before or during the oxyhydrogen reaction with hardly 
any effect upon its course One obtains results similar to those shown in Fig 
19, which should be compared with Fig 17 If, however, the presence of 
poison is tested by irradiation of the plant, one observes that pbotoreduction 
is inhibited, the turn more difficult, and any possibility for oxygen production 
completely blocked The poison must have penetrated into the cell and into 
the chloroplast See Table XXV, No 1, d-h 
Secondly Hydroxylamme, if added anaerobically as m the first case, is 
often found to inhibit strongly the coupled reduction of carbon dioxide This 
is demonstrated m Figs 20 a and b showing the course of the oxyhydrogen 










of carbon dioxide 


reaction with and without poison The absorption of ox\gen continues in 
the poisoned algae together with either one or two equivalents of hydrogen 
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Curve c, the difference between curve a and b, demonstrates the time course of 
the partial reaction concerned with the reduction of carbon dioxide In order 
to stop the dark reduction of carbon dio\ide, the amount of hydroxylamme 
has to be at least as great as required for a measurable inhibition of photo- 
reduction, that is much larger than needed for a complete inhibition of photo- 
synthesis When hydroxylamme is added, however, aerobically before adap- 
tation, the same reaction occurs that was described for photoreduction The 

TABLE XXIV 

Inactivation of the Hydrogen Metabolism by Small Amounts of Oxygen in Presence of Cyanide 
0 05 cc of cells of 5 obhquus in 4 cc of 0 02 m KH 2 PO 1 Temperature 25° Gas phase 
Hj, 4 per cent CO 2 Preceding dark period 12 hours Cyanide added at successive time 
intervals in different vessels during the course of the oxyh) drogen reaction Final concen- 
tration of poison 2 X 10~* sr Remaining activity tested by photoreduction after completion 
of the dark reaction 


Condition 

Time 

1 

i 2 

s 

4 

Rate of pressure changes in jy"" - 


mm 





(a) Light 2600 lux 

After 10 

-56 

-62 

-54 

-66 

(b) Dark Reaction with 

After 30 

-19 

-21 

-22 

No O 2 added 

70 mm O 2 


+ HCN 


-17 



75 

-7 5 

-20 










150 

-5 

H 

-7 5 



300 

-1 

-1 

-1 






+ HCN 


(c) Light 2600 lux 

; After 5 

: -10 

■ -24 

-34 

-66 


10 

+1 

0 

—28 

-73 


15 

+6 

+6 

-4 

— 


inhibition is either complete for lack of adaptation, or it is partial and then 
the oxyhydrogen reaction proceeds only to the intermediate “peroxide” 
level (Fig 21) See also Table XXV, Nos 2 and 3 

Thirdly In some cases where the oxyhydrogen reaction yielded only uater 
and for no apparent reason was not coupled with the reduction of carbon 
dioxide, addition of hydroxylamme restored the coupling In other words, 
more h} drogen was absorbed in presence of the poison than without it The 
experiment could be repeated several times and it is certainly not due to an 
error See Fig 22 

Summarizing the experiments with hydroxylamme, one can say that the 
poison has no effect on the course of the oxyhydrogen reaction unless its con- 
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centxation is unusually high, and that, if it takes effect, it will inhibit the 
reduction of carbon dioxide, whereas the reaction between hydrogen and 
oxygen may continue to the peroxide level or to the formation of water 
The much greater inhibitions found when the hydroxyiamme is added 
aerobically before the adaptation are a problem which does not concern the 
oxybydrogen reactions as such Photoreduction as well as the oxyhy r drogcn 
reaction can be used as tests for this peculiar type of inhibition 
We know now that the turnback from photoreduction to normal photo- 
synthesis and to aerobic conditions under the influence of excess bght is 



Fig 19 Effect of u/BOO hydroxy lamine on the oxy hydrogen reaction (COi 
present) Poison added after adaptation. 

prevented or retarded by bydroxylamme (Paper I) No such ‘ protection" 
by bydroxylamme exists if the turn is enforced by an excess of oxygen This 
is the one pomt where photoreduction and oxyhydrogen reaction do not give 
corresponding results On the other hand bydroxylamme does not enhance 
the inactivation as does cyanide. 

One might think that the peculiar differences found in the effect of hydroxy 
larrnne were caused by the use of different strains of algae or of algal samples 
grown under unequal conditions Table XXV proves that this is not the 
case. With the same culture distributed equally in four vessels, most of the 
reactions described were observed In vessel 2, sufficient bydroxylamme 
was added aerobically to inhibit the rate of normal photosynthesis by 60 
per cent. The intensity of illuimnation is so low that there is still propor 
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tionaht) r between rate and intensity The inhibition remains the same 
however, when the intensity is cut in half Tins conforms to the observation 
of Weller and Franck (6) that hydroxylamine inhibits some photochemical 




Fig 20 b 

Figs 20a and 205 Inhibition of the dark reduction of carbon dioxide by hydroxyl- 
amine Poison added after adaptation 

reactions in photosynthesis, m spite of the fact that it seems to inhibit speci- 
fically the production of oxygen (Paper I) During adaptation to hydrogen, 
the gas exchange of the poisoned algae is affected strongly, yet after 6 hours 
we find typical photoreduction at about 50 per cent of that of the unpoisoned 
algae This inhibition lasts for a dark period of about 20 hours During this 
time some oxygen has been added twice and the oxyhydrogen reaction proceeds 




TABLE XXV 

Inhibition of Pkotoreductum and Dark Reduction by Bydroxykmine 


0 034 cc. of celk of Scenedamm Djin4cc.of0lv bicarbonate solution (equal parti of 
NaHCOj and KHCOj) Gas phase Hj 4 per cent CO* Temperature 25* Alternate 
dark and light period i Light reacborw measured as rate* of gas exchange in mm,/i0 minute*. 
Dark reaction meaiured as m lU n o eters of total gas absorbed for 50 mm. of Oj. 
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TABLE XXV 

Inhibition of Pkdorcdvction and Dark Reduction by Hydroxyiamint 
0.034 cc. of cells of Sanedtswms Daln4cc.of0lH bicarbonate solution (equal parts of 
NaHCOj and KJICOj) Gas phase Hj 4 per cent CO 3 Temperature 25* Alternate 
dark and light periods. I Ight reactions measured as rates of gas exchange in mm ./ 10 minutes 
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in a partially inhibited form Adding now the same amount of poison which 
the algae had recers ed aerobically the day before, not only produces no further 
inhibition, but it enhances suddenly the rate of photoreduction from 24 to 
37 mjru/10 min and the value for the oxy hydrogen reaction attains the 
theoretical maximum The presence of the poison is evident from the pro- 
tection it provides against the turn to aerobic photosynthesis under the in- 
fluence of the fourfold intensity Compare vessel 4 
In vessel 3, hydroxy lamine is added after 6 hours of adaptation A con- 
centration of 10 “ 3 m instantaneously produces a strong inhibition of photo- 
reduction (60 per cent) and of the dark reduction Both effect* increased 

TABLE XXVI 

Effect of thmtrophenol on tke Counted Dork Reduction of Carbon Dioxide Compared tr ilk tie 
InHbilton of Photoreduction 


0.027 cc. of cells (o) in 4 cc. of 0 03 u KHjPO< (6) tn 0.05 u phosphate buffer pH 6.0 
Gas phase Hj 4 per cent COj 



1 

u) 


») 


Dbltropbool added after li in. of 

adaptation 

Tempeatore IS* 

Dbitxopfcencri added 
aerobfadlj before 
adaptation 

Temperature 11 

Final ceocentratlon ol dhiitnjpbenol 1 

0 


reran 

0 

IX 10-** 

Relative rates of photosynthesis at ! 
3300 Utx 

100 

100 

50 

100 

55 

Relative rates of photorednctJcra at 
1700 hue 

100 

85 

60 

100 

60 

OiyTeductitm. Total gas absorbed 
in mm. for 50 mm of Oj 

210 

218 , 

204 

2X2 

154 


first with time and then vanish completely on the 3rd day In the case of the 
dark reduction, the changes are not gradual but in dear-cut steps corresponding 
to the formation of water, then ‘peroxide ” again water, and finally unin- 
hibited coupled reduction 

The same amount of poison ff added not after 6 but after 26 hours 
of anaerobic condition* leave* the yield of the oxy hydrogen reaction unchanged 
and inhibits photoreduction measurably only at higher light intensities 

The parallelism between the dark and the photoreduction of carbon dioxide 
with respect to the influence of hydroxy laimne is striking In general photo- 
reduction remains more sensiti\ e. I\o quantitative determinations have 
been made on the disappearance of the h\ droxy lamine from the algal 
suspension but it is certain that it decomposes slowly by way of side reactions 
In the course of an experiment lasting sca eral day's Similarly a disappearance 
of the effect upon the oxy hydrogen reaction is accompanied by a fading of the 
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inhibition of photoreduction Nearly always enough poison remains m the 
solution to prevent normal photosynthesis under aerobic conditions 

The Influence of Dmilrophenol 

Photosynthesis and photoreduction with hydrogen are inhibited strongly by 
dinitrophenol (Paper I) The oxyh} drogen reaction appears to be less sensi- 

TABLE XXVII 


Inhibition of Hydrogen Absorption by Glucose 

0 034 cc of cells of Sccnedcsmus D s in 4 cc 0 1 sr bicarbonate Temperature 25° Gas 
phase Ho, 4 per cent CO* Cells 4 days in Hs 


Volume of vessels, cc 

1 

2 

3 

15 4 

15 0 

14 9 

Oxyhydrogen reaction Mm of total gas ab~ 




sorbed for 50 mm of O 2 

211 

190 

217 

Poison added m (3) 20 hrs dark 

— 

— 

+10- 3 mNH 2 0H 

Rate of photoreduction (mm /5 mm ) 

1 

37 

38 

32 

Glucose added, 30 mm dark 


+0 5 per cent 

+0 5 per cent 

1 

1 

glucose 

glucose 

Rate of photoreduction (mm /5 mm ) 




First 5 min 

28 

15 

6 

After 15 min 

39 

34 

22 

Oxyhydrogen reaction * Mm of total gas (cor- 


- 


rected) absorbed for 50 mm 0 2 during 8 hrs 

221 

96 

75 

Rate of photoreduction (mm /5 mm ) 




First 5 min 

24 

12 

8 

Second 5 mm 

36 

30 

20 

After 14 hrs dark and 20 mm light 

35 

37 

16 


* Compare Fig 23 


tive to this poison, as shown in Table XXVI If an inhibition occurs, then 
it is again the coupled reduction of carbon dioxide, not the formation of water, 
which is inhibited 

The Influence of Glucose 

The photochemical utilization of molecular hydrogen is looked upon as the 
simplest case of a photoreduction which might as well proceed with the aid of 
other more complicated hydrogen donors (1, 22) One of the mam points 
supporting this view is the fact that yeast extracts containing carbohydrates 
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or glucose greatly inhibit the uptake of hydrogen in photorcduction (1) and 
enhance the photochemical production of hydrogen in the absence of reducible 
carbon dioxide (Paper II) Glucose (In dilute solution) certainly has no 
inhibitory effect on respiration, fermentation, or photosynthesis in the same 
algae A few experiments have been made to sbow that also with glucose 
there is parallelism between the induced dark reduction and photorcduction 
In a medium containing glucose (0 05-1 per cent) the algae absorb less hy 
drogen in the course of the oxyhydrogen reaction than in the glucose-frce control 



Fig 23 Inhibition of the hydrogen uptake during the oxyhydrogen reaction in 
presence of glucose. 

It is not surprising that the differences between the results obtained with and 
w ithout glucose vary widely from experiment to experiment, since the activities 
of the competing enxyme systems need to change only little in order to produce 
greatly divergent remits. The important problem is how much the uptake of 
hydrogen can be suppressed by the presence of glucose 

In the experiment shown in Table XXVII 05 per cent glucose did not 
greatly influence photoreduction before or after the reaction with hydrogen 
except during the first 5 minutes of illumination The amount of gas absorbed 
in the course of the oxyhydrogen reaction, however is less than one-half of 
the normal In a second experiment a similar batch of algae in the same 
medium was used but it contained about 0.001 U hydroxy la mine which had 
been added anaerobically a few hours earlier These algae could be expected to 
absorb at least one or two equivalents of hydrogen The curve* hi Fig 23 
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demonstrate the suppression of hydrogen absorption In presence of glucose 
only little more gas disappears than corresponds to the amount of oxygen 
introduced The “excess” gas might be carbon dioxide m this particular case 
Since the supply of oxygen is small compared with that of glucose it is probable 
that the latter is oxidized only partly and without a release of COj Further 
experiments are necessary to prove definitely a reduction of carbon dioxide 
coupled with the partial oxidation of glucose It has been mentioned before 
that the algae absorb considerable amounts of hydrogen during the first hours 
of anaerobic incubation It appears likely that such partially oxidized carbo- 
hydrates play a part as acceptors for hydrogen 


DISCUSSION AND CONCLUSIONS 


Lately many papers have been published concerning dark reactions in living 
cells which involve carbon dioxide as a reactant (For a recent review on the 
subject see reference 38 ) In comparing different results it is important to 
distinguish clearly what is meant by “carbon dioxide reduction ” In the 
literature we find reduction, fixation, assimilation, etc , of carbon dioxide 
treated as if these words were synonyms For instance, Ruben, Kamen, and 
Hassid (4), using the radioactive tracer method, have shown that, contraiy to 
what has been found under the conditions described in this paper, carbon 
dioxide is not reduced in the dark under normal aerobic conditions What 
they found is a reversible fixation of carbon dioxide in the plant which is a 
reaction postulated as an important prelimmaiy step in photosynthesis since 
the times of Willstatter and Stoll If we write this fixation, following the 
authors, as a carboxylation it is evident where the difference between the first 
equation and the following ones lies 


(1) RH + CO 2 <=* RCO OH (Fixation) 

(2) RCO OH + Ho - RCHO + H s O 

(3) RCHO + Ho -> RCHjOH 

(4) RCH 2 OH +Ht^RCH, + H 2 0 


(Reduction) 


In the methane bacteria (25, 39) the carbon is completely reduced, but 
the methane is liberated from the cell, hence it cannot be assimilated In 
liver cells (40) carbon dioxide is fixed and assimilated, but perhaps not re- 
duced In this and similar cases, it is not known whether after fixation in the 
form of a carboxyl group the carbon becomes reduced, and little attention 
has been paid thus far to the different possibilities A clear terminology may 
help in clarifying the problems 

The data presented in this paper prove that m Scenedesmus and similar 
algae carbon dioxide is reduced by molecular hydrogen m the dark with the 
aid of the oxyhydrogen reaction The reduction proceeds to the level of 
carbohydrate The yield is one-half molecule of carbon dioxide reduced for 
one molecule of absorbed oxygen 
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The problem confronting us now is to devise a mechanism which will explain 
how this yield is possible We find in a paper oi Yamagata and Nakamura a 
plausible scheme (41) for a pure oxyhydrogen reaction A hydrogenase and an 
oxygen-transferring system will readily yield water, but nothing else 

In order to link, the oxyhydrogen reaction with a reduction of carbon dioxide, 
we have to make use of the following experimental facts (1) The presence of 
carbon dioxide is necessary for the undisturbed formation of water, otherwise 
the reaction proceeds only to the ‘peroxide" level In other words, CO, 
must be not only an acceptor for hydrogen but an essential part of an inter 
mediate substance. (2) Photoreduction and dark reduction appear to have a 
great similarity as shown by the effect of poisons 

Elsewhere we ha\e said that the photochemical processes in a green plant 
can be described as forcing the constituents of a molecnle of water, H and 
OH, into a complex Q R (CO,) whereby oxidized and reduced substances, 
QOH and R(H) (CO,) are formed On paper it is possible to do the same 
not photochemically but by oxidation and reduction, then we obtain 

(1) 2Q R (COd + O, + 2HDo - 2R(CO,) + 2QOH + 2 Do 
and 

(2) RCO, + HDo - RfHXCOd + Do 
I 

HDo means any hydrogen donor, m our case free hydrogen Once the same 
products are formed as In photoreduction, there is no difficulty in assuming 
that they react further along identical lines In this way the induced dark 
reduction of carbon dioxide can be described as a partial reversal of photo- 
reduction that leads us automatically to the required maximum yield of half 
a molecule of carbon dioxide reduced per molecule of oxygen absorbed. A 
detailed discussion of the principle mentioned is only possible in dose con 
nectlon with a discussion of the facts observed in photoreduction and photo- 
synthesis and therefore reserved for another communication. 

SOTOIAEX 

1 Unicellular algae possessing a hydrogenase system ( Sctnticsmus and 
other species), and having been adapted by anaerobic incubation to the 
h\ drogen metabolism, reduce or. gen to water according to the equation 
O s +2Hj-> 2H,0 

2 The oxyhydrogen reaction proceeds undisturbed only in the presence of 
carbon dioxide, which simultaneously is reduced according to the equation 
CO, + 2H, — * H,0 + (CH,0) “ (carbohydrate) 

3 The maximum yield of the induced reduction is one half molecule of 
carbon dioxide reduced for each molecule of oxygen absorbed 

4 Partial reactions are recognizable in the course of the formation of water 



264 


OXYHYDROGEN REACTION IN ALGAE 


demonstrate the suppression of hydrogen absorption In presence of glucose 
only httle more gas disappears than corresponds to the amount of oxygen 
introduced The “excess” gas might be carbon dioxide in this particular case 
Since the supply of oxygen is small compared with that of glucose it is probable 
that the latter is oxidized only partly and without a release of C0 2 Further 
expenmen ts are necessaiy to prove definitely a reduction of carbon dioxide 
coupled with the partial oxidation of glucose It has been mentioned before 
that the algae absorb considerable amounts of hydrogen dunng the first hours 
of anaerobic incubation It appears likely that such partially oxidized carbo- 
hydrates play a part as acceptors for hydrogen 


DISCUSSION AND CONCLUSIONS 

Lately many papers have been published concerning dark reactions in living 
cells which involve carbon dioxide as a reactant (For a recent review on the 
subject see reference 38 ) In comparing different results it is important to 
distinguish clearly what is meant by “carbon dioxide reduction ” In the 
literature we find reduction, fixation, assimilation, etc , of carbon dioxide 
treated as if these words were synonyms For instance, Ruben, Kamen, and 
Hassid (4), using the radioactive tracer method, have shown that, contrary to 
what has been found under the conditions described in this paper, carbon 
dioxide is not reduced in the dark under normal aerobic conditions What 
they found is a reversible fixation of carbon dioxide in the plant which is a 
reaction postulated as an important preliminary step m photosynthesis since 
the times of Willstatter and Stoll If we write this fixation, following the 
authors, as a carboxyJation it is evident where the difference between the first 
equation and the following ones lies 


(1) RH + CO 2 <=* RCO OH (Fixation) 

(2) RCO OH + H s -> RCHO + H 2 0 

(3) RCHO + Ha - RCHjOH 

(4) RCH 2 OH +H 2 -*RCH, + H s O 


(Reduction) 


In the methane bacteria (25, 39) the carbon is completely reduced, but 
the methane is liberated from the cell, hence it cannot be assimilated In 
liver cells (40) carbon dioxide is fixed and assimilated, but perhaps not re- 
duced In this and similar cases, it is not known whether after fixation in the 
form of a carboxyl group the carbon becomes reduced, and httle attention 
has been paid thus far to the different possibilities A clear terminology may 
help in clarifying the problems 

The data presented in this paper prove that m Scenedesmtts and similar 
algae carbon dioxide is reduced by molecular hydrogen in the dark with the 
aid of the oxyhydrogen reaction The reduction proceeds to the level of 
carbohydrate The yield is one-half molecule of carbon dioxide reduced for 
one molecule of absorbed oxygen 
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The problem confronting us now is to devise a mechanism which will explain 
how this yield is possible We find in a paper of Yamagata and Nakamura a 
plausible scheme (41) for a pure oxyhydrogen reaction A hydrogenase and an 
oxygen transferring system will readily yield water, but nothing else 

In order to link the oxyhydrogen reaction with a reduction of carbon dioxide, 
we have to make use of the following experimental facts (1) The presence of 
carbon dioxide is necessary for the undisturbed formation of water, otherwise 
the reaction proceeds only to the < p crox ide” level In other words, CO s 
must be not only an acceptor for hydrogen but an essential part of an inter 
mediate substance. (2) Photoreductton and dark reduction appear to have a 
great similarity as shown by the effect of poisons. 

Elsewhere we have said that the photochemical processes in a green plant 
can be described as forcing the constituents of a molecule of water, H and 
OH, into a complex Q R (COs), wherebj oxidized and reduced substances, 
QOH and R(H) (COj) are formed On paper it is possible to do the same 
not photochemically but by oxidation and reduction, then we obtain 

U) 2Q R (COO + O, + ZHDo — 2R(COd + 2QOH -f 2Do 

and 

(2) RCO, + HDo - R(H)(COi) + Do 

I 

HDo means any hydrogen donor, in our case free hydrogen Once the same 
products are formed as m photoreduction there is no difficulty in assuming 
that they react further along identical lines. In this way the induced dark 
reduction of carbon dioxide can be described as a partial reversal of photo- 
reduction that leads us automatically to the required maximum yield of half 
a molecule of carbon dioxide reduced per molecule of oxygen absorbed A 
detailed discussion of the principle mentioned is only possible In close con 
nection with a dLcussion of the facts observed m photoreduction and photo- 
synthesis and therefore reserved for another communication. 

SUMMARY 

1 Unicellular algae possessing a hvdrogenase system ( Sctnedesmus and 
other species), and having been adapted by anaerobic incubation to the 
hydrogen metabolism, reduce oxygen to water according to the equation 

0*+ 2H t -*2H,0 

2 The oxyhydrogen reaction proceeds undisturbed only in the presence of 
carbon dioxide, which simultaneously is reduced according to the equation 
CO* 2H a — H,0 + (CHjO) « (carbohydrate) 

3 The maximum yield of the induced reduction is one-half molecule of 
carbon dioxide reduced for each molecule of oxygen absorbed. 

4 Partial reactions are recognizable in the course of the formation of water 



266 


OXYHYDROGEN REACTION IN ALGAE 


and it is with the absorption of the second equivalent of hydrogen that the 
carbon dioxide reduction appears to be coupled 

5 The velocity of the reaction increases m proportion to the partial pressure 
of oxygen, but only up to a certain point where any excess of oxygen causes the 
inactivation of the hydrogenase system The reaction then ends prematurely 

6 During the oxyhydrogen reaction little or no oxygen is consumed for 
normal respiratory processes 

7 Small concentrations of cyanide, affecting neither photosynthesis nor 
photoreduction in the same cells, first inhibit the induced reduction of carbon 
dioxide and then lead to a complete inactivation of the hydrogenase system 

8 Hydroxylamine, added after adaptation, has either no inhibitory effect 
at all, or prevents solely the induced reduction of carbon dioxide without 
inactivating the hydrogenase system 

9 Dinitrophenol prevents the dark reduction of carbon dioxide while the 
reduction of oxygen continues to the formation of water 

10 Glucose diminishes the absorption of hydrogen, probably in its capacity 
as a competing hydrogen donor 

11 The induced reduction of carbon dioxide can be described as an oxido- 
reduction similar to that produced photochemically m the same cells 
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TYROSINASE AND PLANT RESPIRATION* 
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It appears reasonable to assume that plant oxidases, such as tyrosinase 1 
take part in the respiratory process in plants This view, however, appears 
not to be accepted by all workers m this field Thus Szent-Gyflrgyi and Vie* 
tonsz (1) have suggested that possibly the oudase occurs dormant m the plant 
tissue and only becomes active when the tissue is injured At such a tune, it 
brings about the oxidation of phenolic bodies, present, m the plant, to quinones, 
and the latter m turn not only act m a bactericidal capacity, but also combine 
with protein, forming an insoluble cdatrng over the injured tissue 
Recently Boswell and Whiting (2) have attempted to show that the oxidase 
m potato tubers really does play the r61e of a respiratory enzyme They 
studied by means of the Warburg respirometer (3) the rates of oxygen uptake 
and evolution of carbon dioxide when thin potato slices were permitted to 
respire in the presence of water buffered with phosphate (pH about 5J5) In 
thi3 way they found that the rates of oxygen uptake and evolution of carbon 
dioxide remained practically constant for several hours, and the respiratory 
quotient was dose to unity On the addition of catechol, there was a sudden 
marked rise in the rate of oxygen uptake This increased rate, however, was 
only of short duration and was followed by a gradual drop culminating finally 
in a value of about one-third of the rate shown by the slices respiring in presence 
of phosphate only 

Adding more catechol to the reaction mixture, after this final low respiration 
rate had been reached gave no further new increase m the rate of oxygen 
uptake, showing that all the oxidase had become exhausted or inactivated 
They, therefore, attributed this lowering of the respiration rate to one- third 
of the normal rate in phosphate alone, to the inactivation of the oxidase, and 
concluded that two-thirds of the respiration of the potato slices was dependent 
on the oxidase present in the slices, 

* This study was aided by a grant from the Upjohn Company 
1 There is a difference of opinion as to the name for this oxidase usually prepared 
from potato tubers and from certain varieties of mushrooms Man> workers use the 
terms polyphenol oxidase and catechol oxidase. The present authors prefer to adhere 
to the original name* tyrosinase proposed by Bertrand (Sur une nouvelle oxydase on 
ferment soluble cuydant, d engine vfgHale Compi rend Acad sc 1896,122,1215) 
due to the fact that this enzyme differs from other oxidases in that besides catalyzing 
the aerobic oxidation of polyhydne phenols it also catalyzes the oxidation of certain 
tnonohydne phenols. The terms polyphenol oxidase and catechol oxidase faQ to 
emphasize this characteristic activity of this oxidase towards monohydric phenols, 

2 ® 
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Fig 1 Showing the eventual lowering of the rate of respiration of washed potato 
shces in the presence of added catechol Reaction mixtures contamed in the Warburg 
flasks consisted of 50 shces and 5 cc of 0 04 m phosphate buffer solution Center 
well contained filter paper moistened with 0 2 cc of a 20 per cent KOH solution 
After the elapse of 30 minutes 1 cc of an aqueous solution containing various amounts 
of catechol, as specified below, was added from the side arm Total volumes of the 
final reaction mixtures were 10 2 cc pH 5 7 , temperature 25°C 

All curves, I, II, III, and IV, up to the tune the experiments had been m progress 
for 30 minutes, represent the rates of oxygen uptake by 50 shces respiring m the 
presence of phosphate buffer only During the time between 30 and 140 minutes 
curves I, II, HI, and IV show respectively the influences on the rate of oxygen uptake 
of 0 63 , 1 25 , 2 5, and 5 mg of added catechol In each instance the final rate of 
oxygen uptake, due to the influence of the catechol, fell below the rate shown by the 
shces respiring m phosphate alone, and to the same extent irrespective of the amount 
of catechol added 

To decide whether or not the tyrosinase had been inactivated, during tne 140 min- 
utes in which the experiments had been m progress, the Warburg flasks were removed 
from the thermostat and 1 cc of a solution containing 2 5 mg of catechol was added 
from the side arm of each flask The flasks were then returned to the thermostat, 
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Repeating the experiments of Boswell and Whiting, using conditions similar 
to theirs, it wo* found that this drop m rate of oxygen uptake to a value lower 
than that shown by the slices in phosphate alone cannot be attributed entirely 
to the removal of the oxidase activity by inactivation (see Fig 1) For ex 
ample, employing an amount of catechol, insufficient to inactivate all of the 
oxidase in the slices, as shown by subsequent addition of more catechol, the 
rate of oxygen uptake still continued to drop, after the initial rise, to a value 
considerably below the rate shown by the slices respiring in the phosphate 
alone. In other words, the rate of oxygen uptake fell to practically the same 
low value as that observed by Boswell and Whiting, even though considerable 
active oxidase still remained m the slices 

That the inactivation of the oxidase cannot account for this drop in the rate 
of oxygen uptake below the rate when the Bhces respire in the presence of 
phosphate only, can be shown even in a more striking manner by using 4-terti 
ary butyl catechoL This substance, judging from observations (unpublished) 
made by Roth and Dawson, in these laboratories in their study of tyrosinase 
from the common mushroom, hardly inactivates the enzyme at all Yet os 
can be seen from the data shown m Fig 2, even though only slight inactivation 
of the oxidase occurred, still the drop m the rate of oxygen uptake was greater 
than m the case of the catechol experiment (see Fig 1) 

This drop m the rate of oxygen uptake to a value lower than that when the 
slices respired m phosphate alone therefore cannot be accounted for by the 
inactivation of the oxidase, but must be due to some other cause. Hence, the 
claim made by Boswell and Whiting that two-thirds of the respiration of the 
slices is dependent on the oxidase loses its main support, and leaves the question 
still unanswered as to whether or not the oxidase takes part m plant respira 
bon. The present authors, however, feel that it is possible, by the proce- 
dure described below to show that tyrosinase does play the rdle of a respiratory’ 
enzyme in potato tubers 

The activity of potato tyrosinase towards protocatechuic acid (4-carboxy 

and after thermol equilibrium had been attained the rate* of oxygen uptake again 
noted. Only in the case of the experiment corresponding to curve TV did the Tate of 
oxygen uptake fail to respond to the addition of the second quantity of catechol In 
this instance (IV) the tyrosinase due to the large amount of catechol added had 
apparently been completely inactivated. The renewed increase in the rates of oxygen 
uptake, shown by the curves I, H, and HI on the addition of the second quantity of 
catechol shows that considerable tyrosinase activity still re m a i ned in the slices. 

Taken together the four curves show that the lowering of the rate of oxygen uptake 
cm the addition of catechol to a value below that In the presence of phosphate alone 
cannot be attributed to Inactivation of the tvrostnase but must be due to the oxidation 
of catechol exerting on injurious influence on some other part of the respiratory sys- 
tem of the slices 
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Fig 1 Showing the eventual lowering of the rate of respiration of washed potato 
shoes m the presence of added catechol Reaction mixtures contained in the Warburg 
flasks consisted of 50 slices and 5 cc of 0 04 M phosphate buffer solution Center 
v\ ell contained filter paper moistened with 0 2 cc of a 20 per cent KOH solution 
After the elapse of 30 minutes 1 cc of an aqueous solution containing various amounts 
of catechol, as specified below, was added from the side arm Total volumes of the 
final reaction mixtures were 10 2 cc pH 5 7, temperature 25°C 

All curves, I, II, IH, and IV, up to the tune the experiments had been in progress 
for 30 mmutes, represent the rates of oxygen uptake by 50 slices respiring m the 
presence of phosphate buffer only During the time between 30 and 140 mmutes 
curves I, H, HI, and IV show respectively the influences on the rate of oxygen uptake 
of 0 63, 1 25, 2 5, and 5 mg of added catechol In each instance the final rate of 
oxygen uptake, due to the influence of the catechol, fell below the rate shown by the 
shces respiring m phosphate alone, and to the same extent irrespective of the amount 
of catechol added 

To decide whether or not the tyrosinase had been inactivated, during tne 140 min- 
utes in which the experiments had been in progress, the Warburg flasks were removed 
from the thermostat and 1 cc of a solution contammg 2 5 mg of catechol was added 
from the side arm of each flask The flasks were then returned to the thermostat. 
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Repeating the experiments of Boswell and Whiting, using conditions similar 
to theirs, it was found that this drop in rate of oxygen uptake to a value lower 
than that shown by the slices in phosphate alone cannot be attributed entirely 
to the removal of the oxidase activity by inactivation (see Fig 1) For ex 
ample, employing an amount of catechol, insufficient to inactivate all of the 
ttridase m the slices, as shown by subsequent addition of more catechol, the 
rate of oxygen uptake still continued to drop, after the initial rise, to a value 
considerably below the rate shown by the slices respiring m the phosphate 
alone In other words, the rate of oxygen uptake fell to practically the same 
low value as that observed by Boswell and Whiting even though considerable 
active oxidase still remained in the slices. 

That the inactivation of the oxidase cannot account for this drop in the rate 
of oxygen uptake below the rate when the slices respire in the presence of 
phosphate only, can he shown even in a more striking manner by using 4-terti 
ary butyl catechol This substance, judging from observations (unpublished) 
made by Roth and Dawson, in these laboratories in their study of tyrosinase 
from the common mushroom, hardly inactivates the enzyme at all Yet as 
can be seen from the data shown in Fig 2, even though only slight inactivation 
of the oxidase occurred still the drop in the rate of oxygen uptake was greater 
than in the case of the catechol experiment (see Fig 1) 

This drop in the rate of oxygen uptake to a value lower than that when the 
slices respired in phosphate alone therefore cannot be accounted for by the 
inactivation of the oxidase, but must be due to some other cause Hence, the 
claim made by Boswell aod Whiting that two- thirds of the respiration of the 
slices a dependent on the oxidase loses its mam support, and leaves the question 
still unanswered as to whether or not the oxidase takes part in plant respira 
tion. The present authors, however, fed that it is possible, by the 
dure described below to show that tyrosinase does piny the rfile of a, 
enzyme in potato tubers. 

The activity of potato tyrosinase towards protocatechuic 
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Fig 1 Showing the eventual lowering of the rate of respiration of washed potato 
slices in the presence of added catechol Reaction mixtures contained in the Warburg 
flasks consisted of 50 slices and 5 cc of 0 04 u phosphate buffer solution Center 
well contained filter paper moistened with 0 2 cc of a 20 per cent KOH solution 
After the elapse of 30 minutes 1 cc of an aqueous solution containing various amounts 
of catechol, as specified below, was added from the side arm Total volumes of the 
final reaction mixtures were 10 2 cc pH 5 7, temperature 25°C 

All curves, I, H, in, and IV, up to the time the experiments had been in progress 
for 30 minutes, represent the rates of oxygen uptake by 50 slices respiring in the 
presence of phosphate buffer only During the time between 30 and 140 minutes 
curves I, II, III, and TV show respectively the influences on the rate of oxygen uptake 
of 0 63, 1 25, 2 5, and 5 mg of added catechol In each instance the final rate of 
oxygen uptake, due to the influence of the catechol, fell below the rate shown by the 
slices respiring m phosphate alone, and to the same extent irrespective of the amount 
of catechol added 

To decide whether or not the tyrosinase had been inactivated, during tne 140 min- 
utes m which the experiments had been in progress, the Warburg flasks were removed 
from the thermostat and 1 cc of a solution containing 2 5 mg of catechol was added 
from the side arm of each flask The flasks were then returned to the thermostat, 
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the volume which would have been consumed by the slices if they had respired 
in phosphate nlone, was 813 pi The fact that this large volume of oxygen was 
used up and the corresponding volume of carbon dioxide given off taken to- 
gether with the fact that hardly any quinonc accumulated, shows that the 
protocatechuic add must have acted as a shuttle or hydrogen carrier First 
it was oxidized to quinonc by means of the tyrosinase, and then the quinonc in 
tum was reduced by a hydrogen donor, adjacent to ft, m the respiratory chain 
Knowing that potato tyrosinase catdlyzes the aerobic oxidation of protocate- 



Fio 3 Showing the influence of protocatechuic acid cm the rate of respiration of 
potato slices Reaction mixtures and conditions tho same os those described in the 
legend for Fig 1 except protocatechuic add was used In the place of catechol Curve 
I (control) shows the rate of oxygen uptake for 50 slices respfnng In phosphate alone 
Curve II 40 minutes after the slices had respired in the phosphate alone 2 mg of 
protocatechuic aad were added from the side arm Circles represent oxygen uptake 
and the crosses the CO* values Since the oxygen values approach closely the carbon 
dioxide values the R Q is dose to unity Curve II shows that not only was the rate of 
oxjgen uptake increased by the protocatechuic add, but that this Increased rate con 
tinucs for more than 250 minutes. This is very different from the influence of cate- 
chol on the rate of oxygen uptake shown In Fig 1 

chulc acid, coupled with the fact that the nod can take part in the respiration 
of tlic slices, it follows that potato tyrosinase can take part in the respiratory 
system of the slices 

That tyrosinase remains in the potato slices, after they have been subjected 
to being washed in running water for over 2 days, can be shown by the oxidase 
in the slices still retaining the characteristic ability to catalyze the oxidation 
of monohydroxy phenols In Fig 4 is shown the increase in oxygen uptake 
when £*cresol was added to the respiring slices. The retarding influence on 
the respiration of the slices by substances known to act as inhibitors towards 
tyrosinase action also indicates that tyrosinase is the active oxidate in the 
slices rotossium cyanklc, which is known to inhibit or retard the action of 
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catechol) is veiy much less than it is towards catechol or tertiary butyl catechol 
In Fig 3 is shown the influence of this acid on the rates of oxygen uptake and 
carbon dioxide given off by the respiring shces In contrast to the influences 
of catechol and tertiary butyl catechol (Figs 1 and 2) it will be noticed that 
there is a marked rise not only m the rate of oxygen uptake but also a corre- 
sponding rise m the rate of carbon dioxide given off, so that the R Q still re- 
mains, as in the case of the slices in phosphate alone, close to unity In other 
words, when protocatechuic acid was added to the shces, there was not just a 



Fig 2 Showing the influence of 4-tertiary butyl catechol on the eventual rate of 
respiration of potato slices Reaction mixtures and conditions same as those de- 
scribed in the legend for Fig 1, except 4-tertiaiy butyl catechol was used in place 
of catechol Curve I (control) represents the rate of oxygen uptake of the shces in 
presence of phosphate buffer only Curve II 60 minutes after the shces had re- 
spired m phosphate buffer only, 2 5 mg of 4-tertiary butyl catechol were added from 
the side arm Circles represent oxygen uptake and the crosses the CO* values Just 
as in the case of catechol (Fig 1) a drop m the rate of oxygen uptake occurred, which 
extends below (approaching zero value) that in the presence of phosphate alone, even 
though the tyrosinase was not completely inactivated That the tyrosinase was still 
active at the expiration of 330 minutes, is shown by the rise m oxygen uptake when 
more catechol was added 

large rise m the rate of oxygen uptake, as was the case when catechol was used, 
but a large nse in the rate of respiration, and instead of the rate dropping below 
the normal rate of the shces w phosphate alone, it remained large and compara- 
tively steady during the 6 hours m which the experiment was in progress 
Furthermore, m contrast to the catechol and tertiary butyl catechol experi- 
ments, when protocatechuic acid was used the reaction mixture only became 
slightly colored showing thereby very little accumulation of qurnone The 
calculated volume of oxygen required to convert the 2 mg of protocatechuic 
acid, used m the experiment, to qurnone is 195 pi The volume taken up 
during the 240 minutes after the addition of the acid to the shces, deducting 
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the volume which would have been consumed by the slices if they had respired 
in phosphate alone, was 813 /d. The fact that this large volume of oxygen was 
used up ( and the corresponding volume of carbon dioxide given off taken to- 
gether with the fact that hardly any qurnone accumulated, shows that the 
protocatechuic acid must have acted as a shuttle or hydrogen earner Fust 
it was ondized to qumone by means of the tyrosinase, and then the qurnone in 
turn was reduced by a hydrogen donor, adjacent to it, in the respiratory chain. 
Knowing that potato tyrosinase catilyzes the aerobic oxidation of protocate 



Fio 3 Showing the influence of protocatechuic aad on the rate of respiration of 
potato ihces. Reaction mixtures and conditions the same as those described in the 
legend for Fig 1 except protocatechuic add whs used m the place of catechol. Curve 
I (control) shows the rate of oxygen uptake for 50 slices respiring in phosphate alone. 
Curve IL 40 minute* after the slices had respired in the phosphate alone 2 mg of 
protocatechuic aad were added from the side arm. Circles represent oxygen uptake 
and the crosses the CO* values. Since the oxygen values approach closely the carbon 
dioxide values the r. q is close to unity Curve II shows that not only was the rate of 
oxygen uptake Increased by the protocatechuic add but that this increased rate con 
tinues for more than 250 minutes This is very different from the influence of cate 
chol on the rate of oxygen uptake shown in Fig 1 


dime aad, coupled with the fact that the aad can take part in the respiration 
of the slices, it follows that potato tyrosinase can take part in the respiratory 
system of the bIiccs 

That tyrosinase remains in the potato slices, after they have been subjected 
to being washed m 'running water for over 2 days, can be shown by the oxidase 
in the slices still retaining the characteristic ability to catalyze the oxidation 
of monohydroxy phenols. In Fig 4 is shown the increase in oxygen uptake 
when ^-cresol was added to the respiring shoes The retarding influence on 
the respiration of the slices by substances known to act as inhibitors towards 
tyrosinase action also indicates that tyrosinase is the active oxidase in the 
dices Potassium cyanide, which is known to inhibit or retard the action of 
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most metal-bearing enzymes, was found to reduce the rate of respiration of the 
slices over 85 per cent This, therefore, argues that a metal-bearing enzyme, 
such as tyrosinase, is involved m the respiratoiy process 4-Nitrocatechol is 
known to exert a strong inhibiting action on the activity of tyrosinase (4) 
When this inhibitor was added to the respiring slices, it was found, as shown 
in Fig 5, that not only was the rate of oxygen uptake greatly decreased, but 
also the rate of carbon dioxide given off In other words, retarding the tyro- 
sinase action also retarded the respiration of the slices The fact that both of 
the above retardants lowered the rate of oxygen uptake about 85 per cent 
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Fig 4 Showing the presence of tyrosinase m the washed potato slices Reaction 
mixture and conditions the same as those desenbed m the legend of Fig 1 Triangles 
represent mm 3 of oxygen and circles mm 3 of CO 2 After the elapse of 60 minutes 1 
mg of jb-cresol was added to the Warburg flasks containing the 50 slices and phosphate 
buffer solution 


constitutes strong evidence that the respiratory process of the sbees is chiefly 
dependent on tyrosinase as the terminal oxidase 

The aerobic oxidation of various ortho-dihydroxy phenohe compounds not 
only is catalyzed at widely different rates by tyrosinase, but as has been 
mentioned above (Roth and Dawson), these compounds vary in their tendency 
to inactivate the enzyme Catechol and tertiary butyl catechol are oxidized 
very fast when they are added to the respiring slices and the reaction mixtures 
m the Warburg flasks soon became highly colored due to the accumulation of 
quinones The latter are known to be chemically veiy reactive, and therefore 
might easily exert a harmful or retarding influence on some intermediate link 
m the respiratory chain operating m the slices These two catechols therefore 
are not suited to serve as hydrogen earners m the respiratory system m potato 
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slices On the other hand, protocatechmc a ad which is ondized more slowly, 
yields quinone at such a slow rate that the rest of the respiratory system is 
able to reduce the quinone as rapidly as it 13 formed, thereby enabling the acid 
to serve as a hydrogen earner 

In fact, the influence of the protocatechmc acid on the respiring slices appears 
to be quite similar to that observed by Boswell and Whiting when they added 
a substance 5 extracted from potato tubers They found that when this sub- 
stance was added to the respiring potato slices an increase in the rate of oxygen 
uptake took place, and just as in the case of the addition of the protocatechmc 
acid, there was only a alight tendency toward a decrease in this higher rate 
during the 6 hours in which the experiment was conducted The fact that this 
substance influenced the respiration of potato slices in much the same way as 



Fid 5 Showing the inhibiting action of 4-nitrocatechol on the rate of respiration o 
potato slices. Reaction mixtures and conditions the same as those described in the 
legend for Fig 1 Curve I (control) represents the rate of respiration of the potato 
slices m phosphate alone. Curve II 50 minutes after the slices had been respiring in 
phosphate alone 2 mg of 4-nitrocatechol were added Circles — oxygen uptake and 
crosses COi given off 


the protocatechmc nod shows that it too functions as a hydrogen earner 
And since it was isolated from potato tubers, it probably is the natural sub- 
strate for potato tyrosinase, or at least dosely related to it 

The claim made by Boswell and Whiting that one-third of the respiration 
of the slices is due to some other respiratory system than the one dependent on 
the oxidase in the slices loses weight in the light of the objection pointed out 
against their proof that two-thirds is dependent on the oxidase. Lowering the 
rate of respiration of the slices over &5 per cent by the above mentioned re- 
tardants, potassium cyanide and 4-nitrocatechol, is more in line with the view 
that probably nil of the respiration is dependent on the oxidase, tyrosinase 

5 Boswell and Whiting extracted a substance from potato tubers which possessed 
man> of the properties common to o-dihydrox> phenolic compounds. It was soluble 
in water in alcohol, precipitated by lead acetate and gave a green color reaction with 
ferric chloride. The} hovrev er did not identify the substance any further 
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The study described above, together with that of Boswell and Whiting, on 
the respiration of potato tubers establishes experimentally m living tissue an- 
other terminal oxidase besides the cytochrome C oxidase 

EXPERIMENTAL DETAILS 

The potatoes used were of no particular variety They were bought m the open 
market and were in good firm condition showing no tendency towards sprouting at the 
time Since most of this work was done between December and May, 2 or more 
months had elapsed since the potatoes had been harvested 

The tubers were cut into slices of about 1 cm 2 and 400 ^ thick The slices were 
placed in running tap water and left in this running water from 20 to 100 hours The 
length of time m washing the slices did not appear to change the rate of respiration 
Slices from different potatoes, however, did show differences in rate of respiration 
The temperature of the tap water varied from 10 to 15°C In comparable experi- 
ments the slices were always prepared from the same potato The dry weight of 50 
slices was about 250 mg 

A Warburg respirometer (3) was used for following the amount of oxygen uptake 
and the carbon dioxide given off The temperature at which the respiration experi- 
ments were run was 25°C The reaction flasks of the respirometer were of 50 cc 
capacity Fifty wet slices, weighing about 4 5 gm together with 5 cc 0 04 m phos- 
phate buffer were placed in the reaction flask To this mixture was added, usually 
from the side arm, water or solutions of other substances such as catechol (see legends 
for the figures w the text) making the final volume in the flasks 10 2 cc , and the pH ■=> 

5 7 The carbon dioxide was determined by the direct method of Warburg (3), using 
filter paper moistened with 0 2 cc of 20 per cent aqueous KOH for absorbing the 
carbon dioxide as it was formed The rate of shaking the Warburg apparatus was 
120 complete oscillations per minute The rate of respiration was independent of the 
rate of shaking 


SUMMARY 

The evidence presented in this paper supports the conclusion that at least 
85 per cent of the oxygen uptake of the respiring tissue of potato tuber enters 
the chemistry of the cell by way of a tyrosinase-catalyzed oxidation 

The qualitative aspects of this conclusion are in agreement with the daim 
made by Boswell and Whiting However, the evidence offered by them in 
support of this conclusion is shown to be inadequate 
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ACTION OF INHIBITORS ON HYDROGENASE EN AZOTOBACTER* 
BtJ B WILSON AMD P W WILSON 
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(Received for publication, August 10, 1942) 

INTRODUCTION 

Previous studies on the occurrence and properties of hydrogenase in Asolo- 
barter vindatidn have included a few tests with typical respiratory enzyme 
inhibitors, but a detailed survey of the effect of inhibitors on this enzyme has 
not been made Such investigations are desirable for the following specific 
purposes- — 

1 To provide basic information concerning the nature of the enzyme system. 
Hus is essential not only for its intrinsic value but m order to compare the 
hydrogenase m Attotobarter with that in other speaes. 

2 To compare the properties of the enzyme as it functions m the intact 
cell and in cell free extracts Because H s is such a specific substrate its oxida- 
tion by a suspension of Axotobarter can be readily measured with a minimum 
of complications arising from concurrent oxidations of other substrates. This 
KnaUgas reaction is also catalyzed by cell-free enzyme preparations (Lee, 
Wilson, and Wilson, 1942) An opportunity is thus furnished to test with an 
oxidative enzyme system the constantly disputed question as to whether 
results obtained with cell free enzymes are applicable to biochemical reactions 
m the intact cell 

3 To discover, if possible, an inhibitor with differential effects on the oxida 
turn of hydrogen and of other substrates. Although concomitant respiratory 
activity is not a serious difficulty in studies with azotobacter, it becomes so 
with suspensions of the root nodule bacteria (RJ niobium, sp ) taken directly 
from the nodules of leguminous plants. Such suspensions retain a high "endo- 
genous” respiration in spite of repeated washings (Thorne and Burris, 1940) 
For this reason demonstration of a hydrogenase is difficult Because of its 
significance for the mechanism of fixation (Lee, Wilson, and Wilson, 1942), 
more extensive information respecting the occurrence of hydrogenase in nodule 
suspensions should be secured 

Methods 

Details of the method for measuring hydrogenase activity in cultures of 
Aiolobarter vxnrtandtx have been described by Wilson, Lee, and Wilson (1942) 

* This research was supported in part by grants from The Rockefeller Foundation 
and from the Wisconsin Alumni Research Foundation. 
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Essentially, the gas uptake in a Hi- 0 2 mixture by a “resting” suspension which 
contains about 0 1 mg N is measured at 35°C in a Warburg microrespirometer 
The rate, which remains constant over the period of the run (about 60 minutes), 
is calculated as the Q K (N) = c mm total gas uptake per hour per mg cell N 
A suitable control on respiration is made in air or in a H e-0 2 mixture, and the 
rate calculated as the Qq , (N) = c mm 0 2 uptake per hour per mg cell N 

EXPERIMENTAL 

Action of Inhibitors on Oxidation of Bo and Other Substrates by Azotobacter 

Cyanide —Lee et al (1942) reported that m/ 1000 KCN at pH 7 5 completely 
inhibited the hydrogenase in Azotobacter This has been confirmed in two 



Fig 1 Effect of CO on oxidation of hydrogen by Azotobacter vtnclandn Gas 
mixture />H 2 , 0 4, pOo, 0 04 atm , indicated CO and helium to 1 atm 

additional experiments indicating that the Knallgas reaction is entirely cy- 
anide-sensitive 

Carbon Monoxide — The oxidation of hydrogen by Azotobacter is likbwise 
very sensitive to CO (Fig 1) The composition of the gas mixtures in these 
experiments was 4 per cent 0 2) 40 per cent H 2 , the indicated quantity of CO, 
and He to one atmosphere A definite effect on the rate of hydrogen oxidation 
is observed with as little as 5 to 10 per cent CO, and with 56 per cent CO the 
rate may be inhibited as much as 50 per cent In Experiment 1 the Q K (N) 
values for different ratios of CO/O s (given in parentheses) were (0), 4900, 
(1/4) 4900, (5/2), 4500, (14/1), 3300 In Experiment 2 these were (0), 
5140, (5/4), 4750, (5/2), 4720, (5/1), 4000, (15/2), 3430, (14/1), 3140 Con- 
trols in which hehum was substituted for H 2 demonstrated that respiration on 
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glucose or sucanate was inhibited slightly, if at all, even with 56 per cent CO 
in the gas mixture. 

Attempts to reverse the CO inhibition with light were unsuccessful. Re 
centiy, Dr RD Bohemian informed us in a private communication that he 
had observed a similar CO inhibition which was light reversib'e with a hy- 
drogenate m Proteus vulgans Other information from Dr Hoberman in 
cheated that the enzyme in Proteus is similar in many of its properties to that 

TABLE I 


tnAifrUio* of Respiratory and II yd re [mass Aclmly in AzotobacUr vindandii by Sodium Arid * 


Experiment 

No 

Ccrnctntrnlloo of 
utdc 

ReypUltloo j 

j Hydrottnjuo 

QorfN) 

Inhibition | 

o*cn) 

Inhibition 

1 

Ncroc 

— 


3200 




x/ioo 

— 


2200 1 

31 

2 

None 



— 

3330 1 

— 


U/lOO 

~ 


2530 | 

24 

3 

None 

3560 


4320 i 

— 


m/4500 

3280 

8 

4320 i 

0 


it/900 

2630 

26 

4540 

“5 


ji/450 

1190 

66 

4307 

0 


uf 90 

1380 

71 

3380 

22 


u/9 

57 

98 

1077 

75 

4 

None 

«00 

— 1 

2100 

! 


k/10 000 

4200 

0 j 

— 



m/5000 

4250 

-i i 

3160 

1 —50 


m/1000 

3320 

21 

3020 

-44 


m/500 

2440 

42 1 

2660 

-27 


m/100 

430 

89 i 

1410 

33 


u/10 

113 

97 : 

300 

86 


Rttpirmtitm m/150 tucrote in air 

Hydroctnaie no added snbitrate in 9<5 per cent Hi 4 per cent 0* 


in Azotobvcter It appears likely, then, that the CO inhibition of hydrogenase 
m Azolobacter is also hght-sensitive. Additional experiments are in progress 
to investigate this point in detail. 

Sodium Azide , — Lee ei al (1942) found that sodium azide at Its optimum 
pH (6.5) was less inhibitory than cyanide. This has been verified in further 
trials as illustrated by the data in Table L With low concentrations of azide 
stimulation is frequently observed, at u/ 100 there is an inhibition of about 25 
per cent which increases to 75 to 85 per cent at m/ 10 A marked differential 
inhibition of the oxidation of H 3 and other substrates is obtained in the range 
li/lOOQ to m/100 ^ 


/XV 


ACTION OF INHTBIXOES ON HYDROGENASE IN AZOTOBACTEB 

Bydroxylamtne Data in Fig 2 and Table H demonstrate that hydroxyta- 
mme has a pronounced differential inhibitory effect on the respiration and 
hydrogenase activity of A vmelatidn Whereas respiration on glucose and 



Fig 2 Inhibition by hydroxylamine of respiration and hydrogenase in Atolobatlir 
vmdandu Hydrogenase measured m 96 per cent H 2 , 4 per cent O 2 , respiration, in 
an Upper, suconate as respiration substrate, no effect of NH 2 OH on hydrogenase 
Lower glucose as substrate, Qg(N) in absence of NH 2 OH, 2260, in presence, 1740 
Legend applies to both sections of figure 

succinate may be almost entirely suppressed with m/ 1000 to m/500 NHjOH, 
oxidation of H a is not markedly reduced (0 to 25 per cent) If pyruvate is 
suppbed the organism, the inhibition of respiration disappears, undoubtedly 
because the NH 2 OH is detoxified by combination with the carbonyl group of 
the substrate 
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IodoacdaU and Fluoride — The results with sodium fiuonde and lodoacetate 
are given in Table HI Differential inhibition of respiration and hydrogen 
coddation by both is definite, but is especially outstanding with u/100 sodium 


TABLE H 

Ejftd of NHtOH on JRapirolion and Hydro [cnaie in AtotobocUr vtntlandii 


Eiperfment 

No 

Caoct»tr»iUm of 
Inhibitor 

RtrpdrmtloG j 

Hydroftnue 

Qo t(N) 

Inhibition 

QxtN) 

Inhibition 

5 

None 

4000 

— 

3520 




m/10 000 

370 

90 

3680 

—4 


u/5000 

350 

90 

3460 

0 


u/1000 

350 

90 

3580 

0 


m/500 

75 

98 

3380 

4 


m/100 

180 

95 

500 

86 

6 

None 

f 1560 
12150 


2590 

- 


m/1000 

0 

100 

1940 

25 


Respiration m/100 rucnn»te in air in Experiment 5 u/150 tucduate in 96 per cent He, 
4 per cent O, in Experiment 6. 

Hydrogemue no added substrate, 96 per cent H», 4 per cent Oi in both experiment*. 


TABLE HI 


Action of IodoactiaU and Eluondt on Rapt rati on and Hydro [cnatetn Aeotobactcr vindandli 


IpbfbltPT ^ 

Coe* rot ration ^ 

JU»ptr»tinn j 

Hjrdrotro*** 

0o.CN) 

inhibition j 

QxCN) 

Inhibition 

None 

- 

9560 

mm 

4340 

- 

lodoacetate 

M/1000 

5860 

■ ■ 

4300 

0 


M/100 

760 

■3 

4300 

0 

Fluoride 

m/25 

9900 


4710 

-8 


u/12 5 

(MOO 

mm 

4410 

0 


Respiration m/150 glucose m air 

HydrojenaM no added substrate in 96 per cent Hi, 4 per cent Oi 


lodoacetate The absence of inhibition with both fiuonde and lodoacetate 
suggests that the oxidation of Ht does not involve a phosphorylation step 

Hydroxyl amine As a Specific Inhibitor for Biological Nitrogen Fixation 
The experiments with NH-OH explain some curious results reported a few 
years ago by Kubo (1937) who found that, as the concentration of this in- 
hibitor was varied from n/10,000 to u/250 oxygen uptake by suspensions of 
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Azotobacler chroococcum on mannitol was materially decreased m air but not m 
a mixture of SO per cent H 2 and 20 per cent 0 2 He mteipreted tins finding as 
evidence for a specific inhibition of nitrogen fixation by NH 2 OH which might 
be regarded as indirect support for the view that hydroxylamme is the key 
intermediate m the chemical mechanism Burk was unable to confirm this 
specific inhibition and has questioned the validity of the hydroxylamme hy- 
pothesis for nitrogen fixation by Azotobacler (Burk, 1937, Burk and Bums, 
1941, Burk and Homer, 1935) 

Kubo’s results now admit a more logical but less spectacular explanation, 
ms , that he unknowingly was dealing with the differential effect of NH 2 OH 
on respiration and hydrogen oxidation by Azotobacler Unfortunately, he 
did not include an exact control (flask to which no inhibitor was added), but it 
appears probable that his experiments are readily and simply explained as 
follows In the air senes at the lowest concentration of NH 2 OH (m/10,000) 
there remained considerable residual respiration which was effectively elimi- 
nated on further additions of the inhibitor In the hydrogen-oxygen senes, 
however, the gas uptake in the presence of m/10,000 NH 2 OH represents the 
total for two competing reactions oxidation of mannitol and of H 2 As the 
respiration in this series is inhibited by additional NH 2 OH, the decrease in 0 2 
consumed is replaced by a more or less equivalent quantity of H 2 and 0 2 
which disappears m the Knallgas reaction 

If the foregoing explanation is correct, the same type of data should be ob- 
tained with any differential inhibitor As is illustrated m Fig 3, this is ac- 
tually the case In these experiments we have used the proper control with 
the following results respiration of mannitol is almost completely inhibited by 
m/1000 NH 2 OH or m/500 sodium azide, a compound which hitherto, at least, 
has not been suggested as an intermediate m biological nitrogen fixation 
The reduction m gas uptake in the H 2 -0 2 mixture is much smaller than m air 
since only the part due to oxidation of mannitol has been eliminated, the oxi- 
dation of H 2 probably remaining essentially the same This leads to a spurious 
“specific” inhibition of biological nitrogen fixation, hence this particular sup- 
port for the hydroxylamme hypothesis will have to be discarded 

Detection of Hydrogenase in Organisms mth High Endogenous Respiration 

The differential inhibitors allow a modification of our previously described 
method for detection of hydrogenase (Wilson, Lee, and Wilson, 1942) which 
should be useful with organisms in which the endogenous respiration is high 
Preliminary trial of the modified method was made with Azotobacler cells m 
order to test a species known to contain the enzyme A gas mixture of 80 
per cent H 2 and 20 per cent 0 2 was compared with air, and no special precau- 
tions were taken to remove substrate by repeated washings 

In agreement with our previous observations hydrogenase activity is appre- 
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ctably decreased m the presence of 20 per cent 0 * unless a high concentration of 
cells is used (Table IV) Although the cells were not repeatedly washed. 



Flo 3 Action of bydroxj lamine and sodium cade on oxidation of mannitol and 
hydrogen by Azotoboder w nelandn Respiration on u/100 mannitol in air, hydro- 
genase on u/100 mannitol m 80 per cent Hi— 20 per cent Oj Upper it/1000 NHjOH 
as inhibitor Lower u/500 NaNj as inhibitor Legend applies to both sections 

the respiration was small in comparison with the gas uptake due to oxidation 
of Hi Even under these conditions the differential effect of the inhibition by 
NHiOH is evident. 

The usefulness of the modification a best illustrated by the data of Expen 
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ment 10 m which the medium used to wash the cells from the agar was em- 
ployed as the suspending fluid A respirable substrate is thus available, and 
as already noted (Wilson el al , 1942) in this case an active hydrogen oxidation 



Fig 4 Test for hydrogenase m suspensions from nodules of pea and cowpea using 
differential inhibitors Hydrogenase measured m 96 per cent H 2 , 4 per cent O 2 , 
respiration control in 96 per cent He, 4 per cent O 2 , no added substrate Pea, 0 3 
mg N per flash, cowpea, 0 8 mg n per flash Legend applies to both sections, IA — 
sodium lodoacetate 

occurs even with a low concentration of cells and a ^C >2 of 0 2 atm The 
hydrogenase activity, however, is partially obscured by the accompanying high 
rate of respiration If n/1000 NH s OH is added, the Q K is hardly affected, hut 
the Q 0 3 is reduced appreciably so that the presence of a hydrogenase is un- 
mistakably demonstrated Although the modified method allows the Asolo- 
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bacier suspension to be made directly from the growth on agar and the use of 
air for the respiration control, it ■would not be particularly advantageous with 
this organism. It should be of definite value, however, with suspensions 
from nodules since the bacteria in these have a gum coating which serve* aa 
substrate. 

Data in Fig 4 illustrate the use of the modified method. Suspensions of 
root nodule bacteria from pea and cowpea nodules, prepared by the method of 
Thome and Bums (1940) were tested for hydrogenase The relatively high 


TABLE IV 

Effect of NHxOH cnRtspiraiion and Hydro [mast ttt WasJud and Umrasktd Cells of AzdcbotUr 


Exp*ri 
xicnt No. 

Specltt 

Tmtnuat 

CtDi 

m/ioco 

NILOH 

Qo*(Nl 

Qxon 




m t ir/jUskl 




8 

mufandri 

1 Unwashed 

o n 1 

— i 

160 

4930 





+ 

134 

4770 



1 



113 

4550 


ckro<KiKCum 

1 Unwashed 

0 19 1 

— 

276 : 

4650 




j 



5260 





+ 

182 

4260 







4460 

9 

rlndaitdii 

Washed 

0 OS 

— 

76 

710 





+ 

18 

710 



Unwashed 


— 

| 360 

1040 





+ 

43 

1325 

10 

nntJandil 

Unwashed + 

0 09 

- 

2000 

3000 



supernatant 


+ 

j 1240 

2890 



Waited 


~ 

133 

666 



! 


+ 

66 

555 


Respiration In air hydro^eno*® In SO per cent H* 20 per cent Oi 

Unwashed gro w t h on agar suspended In Burk's salt eolation and centrifuged supernatant 
discarded, and dilution made with fresh Bark’s salt solution. 

Washed cells washed two additional times in centrifuge tube before dilation. 

endogenous respiration is largely eliminated by NHjOH or lodoacetate The 
test for hydrogenase is negative since both the total gas uptake and the effect 
of the inhibitors is the same m the Hj-Oj as in the He-Oj mixture The re- 
sults with the suspension from pea do not entirely agree with previous ones 
obtained with the methylene blue technique (Phelps and Wilson, 1941) since 
in several instances positive results have been observed with this organism 
Previous tests on bacteria taken from the soybean nodule, however, have been 
negative even with the methylene blue technique. This problem is being 
further investigated using on improved methylene blue method together with 
the modified gasometnc method. 












286 


ACTION OP INHIBITORS ON HYDROGENASE IN AZOTOBACTER 


SUMMARY 

The inhibitors usually associated with the activity of the cytochrome oxi- 
dase system — cyanide and carbon monoxide — are also effective m reducing the 
oxidation of H2 by intact cells of Azotobackr mnelandu The hydrogenase 
system is more sensitive to CO than is the respiratory system 
Oxidation of a carbon source and of hydrogen by Azolobacler cells is inhibited 
m a quantitatively different manner by the following compounds sodium 
azide, hydroxy lanune, sodium lodoacetate, and sodium fluonde In every 
case, a concentration range which is definitely mhibitoiy for respiration has 
httle or no effect on the hydrogenase activity 
The differential inhibition by hydroxylamine explains certain observations 
in the literature which have been erroneously interpreted as demonstrating a 
specific inhibition by NH 2 OH of biological nitrogen fixation This supposed 
demonstration has been offered as support for the hypothesis that NH 2OH is 
an intermediate in the fixation reaction 

The differential inhibitors can be used for detection of hydrogenase m cul- 
tures possessing a high endogenous respiration The method is illustrated by 
an experiment with root nodule bacteria from pea and cowpea nodules No 
hydrogenase was found m either 
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THE ELECTRICAL CONDUCTIVITY OF SODIUM AND POTASSIUM 
GUAIACOLATES IN GUAIACOL 

B* THEODORE SHEDLOVSKY 

(From the Laboratories oj The RodufeUtr Institute for Medical Research) 
(Received for publication, October 15, 1942) 


INTRODUCTION 

Measurements on the electrical conductivity at 25°C of sodium and potas- 
sium guaiacolates in guaiacol, which was nearly saturated with water, were 
reported in this journal some years ago 1 From these measurements values of 
the limiting equivalent conductances and of the ionization constants were 
ob tamed for these salts The calculations involved the simultaneous solution 
of three equations, namely, a cubic conductance equation, a quadratic mass 
law equation, and a logarithmic activity coefficient equation. The mathe 
matical treatment used had been described by Fuoss and Kraus. 3 A simpler 
treatment was subsequently published by Fuoss,* and the author 4 published 
a simplification of the method of computation, by replacing the cubic con 
ductance equation with a quadratic. 

A recomputation of our data on the conductance of sodium and potassium 
guaiacolates by this improved method leads to Bomewhat different values for 
the limiti n g conductances and ionization constants In this communication 
the new computation will be given and it will be shown that the constants 
so derived result in equations which hold to higher concentrations than had 
been formerly reported. 


theoretical 


The equations used in the computations of the conductance data are the 
following* 4 

A modified form of the Onsager equation for weak electrolytes, 


e 

A 



(i) 


the law of mass action, 


K 


OPy* 
(1 - « 


( 2 ) 


1 Shedlovrity, T and Uhhg H. H . J Gen Physiol 1933-34, 17, 549 
1 Fuom R. M., and Kraus C. A J Am Chm Soc, 1933, 65, 476 
»Fuom,R.M J Am Cktm S«,193S 67,488. 

4 Shedlovsky T / Franklin Inst , 193 8 225, 739 
2S7 
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a convenient parameter defined by 


Z ~ 


aAo -f- j9 


VcL 


and another convenient parameter, 

1 + Z+ j 


( 3 ) 


(4) 


In these equations, A is the equivalent conductance at the concentration, C, 
Ao is the corresponding value at C — 0, 9 is the degree of ionization, y is the 
mean ionic activity coefficient, K is the ionization constant, and a and f3 are 
theoretical constants of the Onsager conductance equation, which are 2 93 
and 19 36 respectively for water-saturated guaiacol at 25° 

Combining equations (1), (3), and (4) there results 


AF 

Ao 


which, with equation (2), yields 


A F = Ao — 


ca«.pV 

.KAo 


_ 1 _ 1 CAFy 3 

AF a A 0 + KAl 


(5) 


( 6 ) 

(60 


The activity coefficient, y, is given by the Debye-Huckel equation 

— log y = a\/ C6 0) 

m which the constant a has the value 6 52 for water-saturated guaiacol at 25° 
When a suitable value of Ao is chosen, a plot of ^ vs CAFy 2 should from 

equation (6') be linear, extrapolating to ^ The corresponding value of K is 

Ao 

obtained from the slope, (A) 


RESULTS AND DISCUSSION 

The results of the new computations are listed in Tables I, H, and III I 
am greatly mdebted to Dr W J V Osterhout for new measurements on the 
conductance of sodium guiacolate extending to higher concentrations than we 
had measured They are hsted m Table HI The corresponding plots of 

~ as CAFy 1 are shown m Fig 1 
A F 
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It will be noted that the points st higher concentrations exhibit considerable 
curvature from the straight line This is probably due to failure of the "limit- 
ing law” for activity coefficients, equation (7), at these values However, 

TABLE I 


JWAwfxm Guaiatoi aU, A* «* 9J 


C (mok/Hte) 

D 40 X lCr» 

0.559 X 1 O'* 



JJ« X lfr* 1 

A ! 

2 461 

1 B08 

1 300 ! 

1 037 ! 

0 S62 

F 

1 055 

1 069 

1 089 

1 105 

1 120 

e 

0 2732 

0 2035 

0 1490 

0 1206 

0 1017 

1/AP 

0 385 

0 517 

0 706 

0 873 

1 036 

7* (equation 7) 

0 719 

0 657 

0 584 

0 529 

0 483 

y (equation 70 

0 734 

0 680 

0 616 

0 569 

0 530 


TABLE H 


Sodium Guaiauiaii, A# — 9j0 


C (nota/Bttt) 

ojjoxict* 


J-14 X 1<H 

<M X KT*: 

9M X Ur»l 

R 

k 

X 

! 

A 

2 893 

1 707 

1 097 

0 809 

0 601 1 

0 460 

F 

1 042 

| 1 063 

1 088 

1 108 

1 132 

[ 1 159 

e 

0 3350 

: 0 2017 

0 1325 

00996 

0 0756 

j 0 0593 

l/A F 

0 332 

0 551 

0 838 

1 116 

1 469 

1 874 

y (equation 7) 

0 779 

| 0 688 

0 596 

! 0 528 

0 457 

t 0 389 

y (equation T 7 ) 

0 788 

0 706 

1 

0 626 

0 568 

; 

0 509 

0 453 


TABLE III 


Sodtum Gwivicoiatc, A* — P 


C (**oi*/Ut£r) 

♦ 4 JX«T* 

9JI x ur* 

"IMPS 

mmmm 

IB 



A 

0 811 

0 595 

0 426 ‘ 

0 356 1 


0 204 

F 

1 107 

1 133 

1 169 ! 

1 192 i 


1 269 

Q 

0 0998 

0 0750 

KH21 

0 0471 

0 0384 


l/A F 

1 114 

1 482 

2 008 

2 357 


i 3 864 

y (equation 7) 

0 530 

0 455 

0 367 

0 321 


0 203 

y (equation J') 

0 570 

0 507 

0 434 

0 397 


| 0 300 


if instead of equation (7), we use the Debye-Hfickel “first approximation'’ 
equation, 

» s\^C5 . v 

~tog*r“ 7=t. b ) 

1 + W 

which reduces to equation (7) at low concentrations, most of the curvature m 
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the plot of — vs CATV can be removed, as is shown In Fig 2 The empirical 

constant b of equation (l') depends on the average icnnc diameter for the salt. 
For these guamcol solutions b °= 0 766 A, the factor A being expressed in 

TABLE IV 



Concentration 

Fio 3 Dependence of activity coefficient, and of degree of formation on concentra 
Hon. 


AngstrOm units The value of b •* 6 1 was used in the computations for 
preparing the plot In Fig 2 This corresponds to a reasonable value of the 
mean ionic diameter of about 8 A. Here it should be stated that the factor 

— activity coefficient equation tends to take mto account ion 

ion interactions which are also involved m the mass action formulation, as has 
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Fig 2 Equations (6') and (7') 









DIFFUSION POTENTIALS IN MODELS AND IN LIVING CELLS 
BiW J V OSTERHOUT 

( From the Laboratories of The Rocbftllrr Institute for Medical Research) 
(Received for publication, October 15, 1942) 

It is important to learn -what fundamental properties of protoplasm are 
responsible for its electrical behavior Progress in this field evident]} depends 
on advances in physical chemistry and their use in biology 

Experiments on cells which are especially Suitable for such studies show that 
they possess the properties of an aqueous system covered by a thm layer of 
non-aqueous material which is the chief seat of the electrical potentials This 
material is present in exceedingly small amounts so that we can hardly hope to 
obtain enough for analysis Failing this we may try to find models which act 
like the living cell Much has been learned in this way 

A useful substance for this purpose is guaiacol which acts like certain proto- 
plasmic surfaces m various ways, such as the following 4 

1 It allows water to pass freely it admits inorganic electrolytes and to a 
still greater extent certain “lipoid soluble” substances 

2 It is more permeable to potassium salts than to sodium salts and more 
permeable to chlorides than to sulfates 

3 When it is shaken with 0 01 at NaCl and placed m a U tube with aqueous 
01 m NaCl on one side and aqueous 0 01 u NaCl on the other the dilute solu 
tion is electrically positive m the external circuit. This indicates that the 
mobility of Na + (i.e., J is greater than that of Ct~ (tx , rci) This applies 
also to K.C1 and to the guaiacolates of sodium and potassium (which will be 
called for convenience KjG and NaG) 

4 When aqueous 0 1 n KC1 is placed on one side of guaiacol (previously 
shaken with 0 1 u NaCl) and aqueous 01 M NaCl is placed on the other the 
KC1 is negative in the external circuit (“potassium effect ') This indicates 
that is greater than This applies also to KG and NaG 

The study of guaiacol has especial interest because the role of diffusion 
potentials can be determined with considerable precision since Shedlovsk} 
and TJhlig* with the aid of the moving boundary measurements in guaiacol 
made b} Longsworth, have determined the mobilities m guaiacol of K + , Na + , 
and the guaiacol ion together with dissociation constants and activities 

1 Cf Osterhout, W J V Some models of protoplasmic surfaces, in Cold Spring 
Harbor symposia on quantitative biology Cold Spring Harbor Long Island Bio- 
logical Association 1940 8, 51 

1 Sbetfloviky T and Uidig H. H. J Gen Phynd , 1933-34 17, 549 563 
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been pointed out by Fuoss 2 It is, however, largely an empirical term, and il 
inclusion in the computations makes it possible to extend the validity of eque 
tion (6') to higher concentrations The values we formerly published 1 fc 
the constants of sodium and potassium guaiacolates in water-saturated guaiacc 
at 25° and the recomputed values are given m Table IV 

The discrepancy m K which appears to be large is mostly illusory, howevei 
since the product of K and A* is the significant term m the equations, and thi 
product has been altered but little 

It may appear disturbing to contemplate the new values for K in comechoi 
with partition coefficient data on these salts, distributed between water an< 
guaiacol, which we had previously reported 6 However, here again, the lm 
portant quantity is So/K, m which S 0 is the limiting partition coefficient 
Here, the new value of i’o for potassium guaiacolate is So = 0 0127 instead o 
0 0153, and for sodium guaiacolate So = 0 00713 instead of 0 00855 Thi 
agreement between the observed and calculated values of the salt concentra 
tions m the non-aqueous phase (Shedlovsky and Uhhg, Tables I and IF 
is, if anything, improved 

It may be of interest to show how marked is the dependence of the degre< 
of ionization, 6, and of the activity coefficient, y, on concentration, C, for thes< 
salts, which are weak electrolytes m guaiacol, although they are strong elec- 
trolytes m water Plots of 6 vs C and of y vs C are shown in Fig 3 for sodium 
guaiacolate 

I wish to express my thanks to Dr W J V Osterhout for making his meas- 
urements on sodium guaiacolate available to me, and for stimulating discussion 

SUMMARY 

The data of the author and Uhhg, and new data, on the conductivity of sodium 
and of potassium guaiacolates m guaiacol at 25° have been computed with an 
unproved conductance equation which is valid to somewhat higher concen- 
trations than the equations formerly used 

The new constants are, A 0 = 9 0, K = 2$ X 1(T 5 for sodium guaiacolate 
and Ao=9 5, f£ = 34X 10 -6 for potassium guaiacolate 


6 Shedlovsky, T , and Uhhg, H. H , / Gen Physiol , 1933-34, 17, 570 
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It is important to learn what fundamental properties of protoplasm are 
responsible for its electrical behavior Progress in this field evidently depends 
on advances m physical chemistry and their use in biology 

Experiments on cells which are especially suitable for such studies show that 
they possess the properties of an aqueous system covered b> a thin layer of 
non-aqueous material which u the chief seat of the electrical potentials This 
material is present in exceedingly small amounts so that we can hardl> hope to 
obtain enough for analysis Failing this we may try to find models which act 
like the living cell Much has been learned m this way 

A useful substance for this purpose is guaiacoi which acts like cer tain proto- 
plasmic surfaces in various ways, such as the following 4 

1 It allows water to pass freely it admits inorga n ic electrolytes and to a 
still greater extent certain “lipoid-soluble substances 

2 It is more permeable to potassium salts t h a n to sodium salts and more 
permeable to chlorides than to sulfates 

3 When it is shaken with 0 01 u NaCl and placed in a U tube with aqueous 

0 1 m NaCl on one side and aqueous 0 01 u NaCl on the other the dilute solo 
tion is electrically positive m the external circuit This indicates that the 
mohihty oi Na + {tx , © greater than that oi Cr (t.e., vci) This apphra 

also to KC1 and to the guaiacolates of sodium and potassium (which will be 
called for convenience KG and NaG) 

4 When aqueous 01 m KC1 is placed on one side of guaiacoi (previously 
shaken with 01 u NaCl) and aqueous 0 1 li NaCl is placed on the other the 
KCl is negative in the external circuit (“potassium effect") This indicates 
that i/ K is greater than wn. This applies also to KG and NaG 

The study of guaiacoi has especial Interest because the role of diffusion 
potentials can be determined with considerable precision since Shedlorvsfcy 
and TJhlig, 5 with the aid of the moving boundary measurements m guaiacoi 
made by Longsworth, have determined the mobilities m guaiacoi of K+, Na + , 
and the guaiacoi ion together with dissociation constants and activities 

1 Cf Osterhout, W J V Some models of protoplasmic surfaces In Cold Spring 
Harbor symposia on quantitative biology Cold Spring Harbor, Long Island Bio- 
logical Association 1940 8, 51 

1 Shedlovaky, T , and Uhlig H H / Gen Physiol 1933-34, 17, 549, 563 
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Using these data we can predict diffusion potentials m cells of the type 


Calomel 

electrode 


Aqueous 

KG 

Guaiacol 

Aqueous 

KG 

concentrated 


dilute 


Calomel 

electrode 


The calculations agree so well with the observed values that we may conclude 
that the latter are due to diffusion potentials 

This is important m its bearing on the study of bioelectric behavior Since 
the equations for diffusion potentials can be used in dealing with guaiacol there 
is reason to suppose that they may also be employed for Ntlella and for other 
cells whose behavior resembles that of guaiacol Hence we may calculate 
relative mobilities of ions and partition coefficients m the non-aqueous 
layer which covers the surface of the protoplasm and determine the effects of 
metabolism and apphed reagents on ionic mobilities and on partition coeffi- 
cients This provides a method of studying protoplasmic behavior which is 
decidedly promising 

As an example of the situation in models we may consider the following 
Guaiacol shaken at 25°C with aqueous 0 014 m KG until equilibrium was 
attained was placed in contact with aqueous 0 14 m KG on one side and with 
aqueous 0 014 m KG on the other We may assume that the situation re- 
sembles that shown 3 4 m Scheme 1 


Aqueous 


Guaiacol 


Aqueous 


A 

A' 

B' 

B 

1 B" 

0 14 m 

0 14 m 

0 062 m 

0 00094 u KG 

KG 

KG 

KG 




C' j C 
0 014 m KG 


Pf 


Pi 

Scheme 1 


Pi 


Here A' and B' represent exceedingly thin layers on each side of the phase 
boundary We make the usual assumption that they at once come into equilib- 
rium with each other This also applies to B" and C 

We may suppose that when the guaiacol is placed m contact with 0 14 m KG 
there is a movement of KG from A' to B' malung the concentration of KG in 
B' approximately 0 062 M The amount of KG moving m this way is very small 
and it is quickly replaced m A' because KG in the aqueous phase diffuses up to 
the boundary much faster than it diffuses m the guaiacol phase since the vis- 
cosity of the latter is about 7 times as great as that of the aqueous phase i 

3 Guaiacol in equilibrium with aqueous 0 14 M KG at 25°C contains 0 062 xi KG 
in equilibrium with aqueous 0 014 m KG it contains 0 00094 m KG 

4 If the partition coefficient of KG in guaiacol were unity and the viscosity of 
guaiacol about the same as that of the aqueous solution the concentration gradient 
of KG at A' would be about the same as in the adjacent region of A Actually the 
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Hence any diffusion, potential at P 5 may be neglected on account of the very 
small magnitude of the concentration gradient in that region 
The observed potential of the chain is therefore Pi -f Pj + P* where P> and 
P4 are phase boundary potentials. If we compute the value of Pi and subtract 
it from the observed total value we can estimate the value of P* d* P< 

We may assume that at Pi we have a diffusion potential between 0 062 m 
KG and 0 00094 m KG in the guoiacol phase To compute this we may employ 
the usual equation* 

<2<k~ » (I) 

where ai and aj are the mean ionic activities of KG in guamcol and is the 
transference number of K + in guaiacol 
The values of ( K and f Na were determined by Longsworth as 0.57 and 0.54 
from moving boundary measurements m guaiacoL 1 According to Shetflovsky* 
the equivalent conductivity of KG in guaiacol at zero concentration, \.t 
A* (koi, is 9 5 so that we have for the equivalent conductivity of G~ at zero 
concentration, t*e ho “ 9.5(0 43) « 4 085 For NaG we have *=* 

9 0 and for X<* «=■ 9 0 (0 46) *= 4 14 These values agree within the limits 

partition coefficient is 0 062 + 0 14 - 0 44 so that KG does not pass as readily into 
the guaiacol as it would mto an aqueous solution. 

The situation can be illustrated by using a dye as the diffusing substance. For 
this purpose brilliant cresyl blue (National Aniline Company) was allowed to diffuse 
into 1 part of guaiacol plus 25 parts of chloroform The partition coefficient of the 
dye depends on the pH of the aqueous solution when this is about 5 8 the partition 
coefficient approaches 0 44 

We use a V tube (not a 0 tube) placing at the bottom the non -aqueous mixture of 
guaiacol plus chloroform Above this we place in the left hand arm an aqueous 
solution of buffer and in the right hand arm brilliant cresyl blue dissolved in 0 01 u 
phosphate buffer solution at pH 5 8 Then diffusion takes place without producing 
a dear zone m the column of dye at the boundary (some dye enter* the non-aqueou* 
phase but this does not produce enough color to be visible) But If the partition 
coefficient is high (as when pure guaiacol is used as the non-aqueous mixture) the 
dye passes mto the non-aqueous mixture faster than it can be brought up by diffusion 
and convection in the aqueous phase and in consequence a dear zone appears m the 
aqueous column of dye in the region of the phase boundary 

In Scheme 1 the movement of water across the boundary U neglected. If water 
tends to move from B to A at the start it tends to move bade again as KG enters 
the guaiacol phase since guaiacol takes up more water when it contains KG any 
movement of guaiacol may also be neglected since both aqueous phases arc saturated 
with guaiacoL 

* Cf Machines D A Principles of electrochemistry New York Remhold Pub- 
lishing Corporation, 1939, pp 225 232. 

• Shedlovtky, T J Gat Phynol , 1942-43 26,287 
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Using these data we can predict diffusion potentials m cells of the type 


Calomel 

electrode 


Aqueous 

KG 

Guaiacol 

Aqueous 

KG 

concentrated 


dilute 


Calomel 

electrode 


The calculations agree so well with the observed values that we may conclude 
that the latter are due to diffusion potentials 
This is important in its bearing on the study of bioelectric behavior Since 
the equations for diffusion potentials can be used in dealing with guaiacol there 
is reason to suppose that they may also be employed for MMtz and for other 
cells whose behavior resembles that of guaiacol Hence we may calculate 
relative mobilities of ions and partition coefficients in the non-aqueous 
layer which covers the surface of the protoplasm and determine the effects of 
metabolism and applied reagents on ionic mobilities and on partition coeffi- 
cients This provides a method of studying protoplasmic behavior which is 
decidedly promising 

As an example of the situation in models we may consider the following 
Guaiacol shaken at 25°C with aqueous 0 014 m KG until equilibrium was 
attained was placed in contact with aqueous 0 14 m KG on one side and with 
aqueous 0 014 u KG on the other We may assume that the situation re- 
sembles that shown* in Scheme 1 


Aqueous 


Guaiacol 


A 

A' 

B' 

B 

1 B" I 

0 14 it 

0 14 it 

0062u 

000094 m KG 

KG 

KG 

KG 


1 


Aqueous 
C' f C 


Pj 


Pi 

Scheme 1 


Pi 


Here A' and B' represent exceedingly thm layers on each side of the phase 
boundary We make the usual assumption that they at once come into equilib- 
rium with each other This also applies to B" and C' 

We may suppose that when the guaiacol is placed m contact with 014 m KG 
there is a movement of KG from A' to B' making the concentration of KG m 
B' approximately 0 062 m The amount of KG moving in this way is very small 
and it is quickly replaced m A' because KG m the aqueous phase diffuses up to 
the boundary much faster than it diffuses in the guaiacol phase since the vis- 
cosity of the latter is about 7 times as great as that of the aqueous phase 3 4 

3 Guaiacol in equilibrium with aqueous 0 14 m KG at 25°C contains 0 062 m KG 
in equilibrium with aqueous 0 014 it KG it contains 0 00094 M KG 

4 If the partition coefficient of KG in guaiacol were unity and the viscosity of 
guaiacol about the same as that of the aqueous solution the concentration gradient 
of KG at A' would be about the same as m the adjacent region of A Actually the 
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Hence any diffusion potential at Pj may be neglected on account of the very 
small magnitude of the concentration gradient in that region 

The observed potential of the chain is therefore Pi 4- Pi + P* •where P* and 
are phase boundary potentials If we compute the value of Pj and subtract 
it from the observed total value we can estimate the value of V t 4- P 4 
We may assume that at Pi we have a diffusion potential between 0 062 it 
KG and 0 00094 it KG in the guaiacol phase To compute this we may employ 
the usual equation* 

p. -^Qhc- 1) In ^ ( 1 ) 

r flj 

where ai and aj are the mean ionic activities of KG m guaiacol and / K is the 
transference number of K + in guaiacol. 

The values of and were determined by Longsworth as 0 57 and 0.54 
from moving boundary measurements in guaiacol. 1 According to Shedlovaky 4 
the equivalent conductivity of KG m guaiacol at zero concentration, i e. 
Ao (ko), i* 9.5 so that we have for the equivalent conductivity of G~ at zero 
concentration, t.c X G *» 9.5(0 43) *= 4 085 For NaG we haveA^aO * 
9.0 and for X Q =» 9 0 (0 46) = 4 14 These values agree withm the limits 

partition coefficient is 0 062 + 0 14 - 0 44 so that KG does not pass as readily into 
the guaiacol as it would into an aqueous solution 
The situation can be illustrated by using a dye as the diffusing substance. For 
this purpose brilliant ciesyl blue (National Aniline Company) was allowed to diffuse 
into 1 part of guaiacol plus 25 parts of chloroform The partition coefficient of the 
dye depends on the pH of the aqueous solution when this is about 5 8 the partition 
coefficient approaches 0 44. 

We use a V tube (not a U tube) placing at the bottom the non aqueous mixture of 
guaiacol plus chloroform. Above this we place in the left hand arm an aqueous 
solution of buffer and in the right hand arm brilliant cresyl blue dissolved w 0 01 u 
phosphate buffer solution at pH 5 8 Then diffusion takes place without producing 
a dear tone in the column of dye at the boundary (some dye enters the non aqueous 
phase but this does not produce enough color to be visible) But If the partition 
coefficient is high (as when pure guaiacol is used as the non-aqueous mixture) the 
dye passes into the non aqueous mixture faster than it can be brought up by diffusion 
and convection in the aqueous phase and in consequence a dear zone appears m the 
aqueous column of dye in the region of the phase boundary 

In Scheme 1 the movement of water across the boundary is neglected If water 
tends to move from B to A at the start it tends to move back again as KG enters 
the guaiacol phase since guaiacol takes up more water when it contains KG any 
movement of guaiacol may also be neglected since both aqueous phases are saturated 
with guaiacol 

* Cf Maclnnes, D A Prindples of electrochemistry, New York, Remhold Pub- 
hshing Corporation, 1939 pp 225, 232. 

1 Shedloviky T , / Gen Pkystol , 1942-43 26, 287 
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of experimental error 7 The average of these two values for X 0 is 411 
which gives for X K 95 - 411 = 539 and for X Na 90 - 411 = 439 
Hence we shall use for the transference number of K +te = 5 39 - 9 5 

~ 0 567 and of Ha, 1 c / Na = 4 89 - 9 0 = 0 543 
Equation (1) may also be written (for 25°C ) 


Pi - 59(2 / k — 1) log ~r~ (2) 

C s Vt 

where 0 is the fraction dissociated, 7 is the mean ionic activity coefficient, and 
the subscripts 1 and 2 refer to the two solutions 
We may also wnte 


Pi 


59!*^i og £Al« 
U K + V 0 Ci <?j T» 


(3) 


where u K and v 0 are ionic mobihties, so 8 * * that t K ~ u K ~ (« K -f v 0 ) and t c 
Vo — («k + v 0 ) hence we may write 


2l K — 


«K + v O 


U K + Pg ___ U K ~ v q 

U K ~h Vo 11 K ~h v 0 


We also have 


2fg . lB * t 5L T . x C° > 

*(K) + X(ff) 

In order to compute the values of 6 and 7 we determine the equivalent con- 
ductivity, A, at 25°C (see Fig 1) According to Shedlovsky 8 we may wnte 

A F 
0 «= — 

Ao 

where Ao is the limiting equivalent conductivity at zero concentration (this 
is 9 5 for KG and 9 0 for NaG), 6 F = 1 + z + (s 2 ~ 2) and 

aAa -f- P , — 

2=3 Ao* 

where C is concentration m guaiacol For guaiacol at 25°C saturated with 
water Shedlovsky 2 gives the following values a = 2 93 and 0 — 19 36_ Hence 
for KG we have z = 1 611 VCA and for NaG we have z~ 1 694 s / CA 

7 MacIrmes, 5 p 332 In applying these results we assume that Ik is constant 
which is approximately correct since the nearer in is to 0 5 the less it changes as 
concentration changes We also assume that 7 is the same for both 10ns 

8 Madnnes, 8 pp 59, 60 For univalent electrolytes we have for the equivalent 

conductivity A =X + +X' = f'a(« + v), where F is the Faraday, a is the fraction 

dissociated, \ + is the conductivity of the cation and X" of the anion 
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For* 0 062 u KG at 25°C A =» 0 404 and® = 0 0548, for 0 00094 M EGA «= 
1 85 and 9 = 0 20S 

We may wnte according to Shedlovsky* 

, 6S2^/7S 

06 7 ~ 1 0 + 0 1 VEf 

where 7 is the mean ionic activity coefficient. We thus obtain for 0 062 u KG 
in guaiacol at 25°C 7 *=» 0.525 and for 0 00094 117 » 0.824. 



Fig 1 Curves showing the equivalent conductivity of potassium gualacolatg, 
KG and of sodium guaiacolate, NaG, at 25°C in guaiacol saturated with water (at 
each concentration the guaiacol was shaken with the appropriate aqueous solution 
until equilibrium resulted) 


Inserting these values in equation (2) we have 


P>- 


59 (2 [0567] - 1) log 


0062(0 0548)0525 
0X0094(0.208)0.824 


- 59(0134) loj 


000178 

0.000161 


- 59(0134) log 11 1 


- 83mv 


The observed value Is 8 ± 0 2 (12 observations) 

* These values apply to guaiacol in equilibrium with aqueous 0 14 M and 0.014 
h KG respectively 
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It is of interest to note the difference between the concentration ratio 0 062 
~ 0 00094 = 66 and the ionic activity ratio 0 00178 — 0 000161 = 11 1 The 
latter does not differ much from the ratio of aqueous concentrations, t e , 0 14 
~ 0 014 = 10 Hence if we did not know the activities in guaiacol we should 
not be greatly m error m taking the ratio of aqueous concentrations (see p 299) 
To measure the concentration effect of NaG the same method was used 
The dilute aqueous solution was 0 02 m NaG which was shaken with the guai- 
acol, giving 0 00071 NaG m the guaiacol phase At the other side was placed 
an aqueous solution of 0 20 m NaG, giving 10 0 052 m NaG m B' as shown m 
Scheme 2 


Aqueous Guaiacol Aqueous 


* s r- 


A | A' 

B' 

B j B" 

0 2 11 NaG 

0 052 

0 00071m NaG 

1 

ixNaG 

1 


c' I c 

0 02 it NaG 


P« Pi Pi 


Scheme 2 


In the guaiacol phase we have the following values for 0 052 m NaG A = 
0 346, 0 = 0 0482, and 7 = 0 562, for 0 00071 m NaG A = 1 93, 6 = 0 228, 
and 7 = 0 838 

Accordingly we have for the diffusion potential Pi 


P t 


59(2[0 543] - 1) log 


0 052(0 0482)0 562 
0 00071 ( 0228)0838 


= 59(0 086) log 


0 00141 
0 000136 


= 59(0 086) log 10 4 
>=>5 2 mv 


The observed value is 5 ± 0 1 mv (8 observations) 

It is interesting to note the difference between the ratio of concentrations 
0 052 — 0 00071 = 73 and that of the mean ionic activities 0 00141 — 0 000136 
= 10 4 The situation resembles that with KG where the corresponding values 
are 66 and 1 1 1 respectively In this connection the following may be considered 
As long as the properties of the two phases remain unaltered the parti- 
tion coefficient of the ionized portion of a solute is a constant when defined as 


where [C,] refers to the non-aqueous and [C[] to the aqueous phase and the 
brackets denote activities We have also fC,p = K[C U ] where K is the dis- 

10 Guaiacol shaken with aqueous 0 2 M NaG at 25°C contains 0 052 M NaG 
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socmtion constant and [C J is the activity of the unionized portion in the non 
aqueous phase Hence we may write 

s Vmi 

Vncl 

The partition coefficient far the unionized portion is a constant when defined 
as 


S 


ICJ 
" {Cl 


Substituting this we obtain 



This treatment, due to Shedlovsky (personal commumcatiou) , we may illus- 
trate by the following m which hypothetical values are assumed in order to 
make a consistent scheme * 


Aqo*Ott» 


| Noo-cqueon* j 

r 


C* - 
Cc-fC. 

Ci 

*r 

[Ci\ j 

f? 1 

tc.1 j 

5 


1 

r | 

tc<l 

7 

Ci 

c - 

Ci+o, 

n 



mm, 

ms. 

m 

m 


m 

Ifi 

lift 

* 

4 

lira 

m 


323 

2 

5123 


1 

m 

m 


•For a simpler scheme see Osterhout, W J V BioL Rev 1931, 6, 400, 


Here y a the ionic activity coefficient in the aqueous and 7 that in the non 
aqueous phase (it is assumed that 7 * 1 for the unionized portion in both 
phases) S is the partition coefficient for the total concentration, * e. for 
(Crf C.) + (C,' + C 7 .) 

It is evident that S M is constant at 4 and Si is constant at 0.2 5 increases 

from 0 00062 + 0 0012 *= 0.52 at the lower concentration, to 0 043 + 0 021 « 
2.0 at the higher because K' is greater than K so that the ratio of undissoaated 
to dissociated 1$ greater m the non-aqueous phase and hence the concentration 
in the non-aqueous phase increases faster than in the aqueous phase 

When [C{] is multiplied by 10 we see that Ci is multiplied approximately 
b> 10 C b> 18, [C ] by 10 and C by 69 This recalls the situation m guaiacol, 
as described earlier (p 298) 

Guaiacol m contact with aqueous solutions of KG or NaG takes up more 
water when the concentration of these substances increases and as the plait 
point 11 is approached the two phases become more and more alike so that the 

u Cf Osterbout W J V , and Murray, J W J Gen Pkysiot 1939-40 23, 


365 
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value of Si approaches unity Since the value of S, m dilute solutions is much 
less than unity this taking up of water involves a rise m S> Hence the value 
of [C,]i - [C,] 2 becomes progressively greater than that of fC’ji - [C',] 2 (here 
the subscripts 1 and 2 refer to concentrated and dilute solutions respectively) 
As previously stated (p 295) the observed potentials are theoretically equal 
to Pi + P 3 + Pi and any excess of the observed values over the values cal- 
culated for Pi might be regarded as due to P 3 -hP 4 ,te, to the phase boundary 
potentials Since there is no excess, as shown m Table I, there is no reason to 
think that phase boundary potentials make any contribution to the observed 
values 


TABLE I 

Concentration Ejects of KG and NaG 




Potential 

Concentrations w aqueous'pbase 

Concentrations in non 
aqueous phase 

Observed 

value 

Calculated 
value of Pi 
(diffusion 
potential) 

0 14 mm 0 014 m KG 

0 062 ii vs 

0 00094 M KG 

8 


8 3 

0 2 u w 0 02 m NaG 

0 052 ii vs 

0 00071 m NaG 

5 


5 2 


EXPERIMENTAL 

Guaiacol (Kahlbaum’s c p crystallized or in some cases Eastman Kodak) was 
redistilled as described by Shedlovsky 2 Owing to supercooling the guaiacol remained 
liquid at 25°C at which temperature all the measurements were made 

The solutions of KG and NaG were prepared by shaking guaiacol with aqueous 
KOH or NaOH free from carbonates The concentrations of KG and NaG m the 
guaiacol were determined by shaking the guaiacol with water and titrating the 
aqueous solution while m contact with the guaiacol, using methyl red as an indicator 
(the endpoint was pH 5 0) A correction was made for the guaiacol dissolved in the 
aqueous phase 

On standing in contact with air these solutions acquired a color which deepened 
with time and the p d measurements became less reliable It was therefore necessary 
to use freshly made solutions (in some cases solutions stored under nitrogen and free 
from color were employed) 

Conductivity measurements in guaiacol nearly saturated with water were made 
following m general the method of Shedlovsky 2 (but using a Washburn type cell with 
a cell constant of 0 03741) In addition a senes of measurements was made on guaiacol 
solutions which had been shaken with aqueous solutions of KG or NaG until equilib- 
rium was attained (these are designated as “saturated with water” (Fig 1)) 

The measurements of potential were made with a Compton electrometer (Cam- 
bndge Instrument Co ) used as a null instrument The solutions were placed in a 
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grounded wire cage and the wires connecting with the electrometer were shielded 
microphone cable. 

The choice of electrodes is important u After experimenting with various kinds 
the choice fell upon the arrangement shown in Fig 2 The guaiacol was con tain ed 
in a breaker into which dipped 4 tubes filled with aqueous solution. 1 * Thus in 
measuring the concentration effect of KG two tubes \ and B, were filled with a dilute 
aqueous solution of KG and the other two with a more concentrated aqueous solution 



Fig. 2 To make liquid junctions between the guaiacol and aqueous solutions 
the latter are placed in tube* which dip into the guaiacol as shown The path 
traversed by the electnc current in the guaiacol has a large cross-section with no 
opportunity for short-circuiting by continuous aqueous films adhering to the glass 
Four tubes are employed (only two are shewn) they are connected in turn by means 
of calomel electrodes to a Compton electrometer 

of KG All of these were allowed to dip simultaneously Into the guaiacol and were 
connected in turn (with stopcocks dosed) to the electrometer through calomel elec 
trodes (filled with 3 5 u KC1) When the calomel electrodes were in proper condition 
the potential between A and B or between C and D did not exceed 1 or 2 rav and for 
this a correction could be applied. Under these conditions a dose agreement of the 
potentials between A and C A and D B and C, and B and D was regarded as in 
cheating a satisfactory state of affairs 

Under these conditions there was very little change of the values during the first 
hour (after this no readings were taken) except in the case of KG ta Na G when the 


u Stopcocks In guaiacol should be avoided. 

u The internal d i ameter of these tubes was 5 mm No stopcock grease was used 
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first reading was usually high, as explained later (p 304) If a change occurred in 
measuring concentration effects the measurement was rejected 

Let us now turn to a different type of experiment in which the guaiacol is 
shaken at the start with the more concentrated aqueous solution Here the 
diffusion potential Ps in the dilute aqueous solution becomes important We 
may picture the situation as in Scheme 3 


Aqueous 


Guaiacol 
^ 


Aqueous 


A j A' 

B' } B 

B" 

C' 

0 14 m KG 

0 062 m KG 

Less than 

More than 

f 

1 

0 062 m KG 

0 014 m KG 


C 

0 014 m KG 


P* Pi Pi P, 


Scheme 3 


The maximum value possible for Pi would exist if B contained 0 062 u KG 
and IV', m equilibrium with C', contained 0 00094 m KG This maximum 
value would be calculated as 8 3 mv as described above (p 297) 

The maximum possible value for P s would result if C' contained 0 14 u KG, 
in equilibrium with 0 062 M KG m the guaiacol, and C contained 0 014 m KG 
We should then have 14 for P 6 (assuming that concentrations m the aqueous 
solution are equal to activities) 


P 6 = 59 


P t = 59 


~ *(o ) o 14 
*(k) d" *(«?) 9 014 

74 - 30 014 
74 + 30 0 014 


= 25 0 mv 


Here the dissociation in the aqueous phase is regarded as complete 
A measurement was made with the aqueous 16 solutions m direct contact (no 
guaiacol phase present) This gave 23 rt 0 4 mv (8 observations) 

Adding these maximum values we get Pi -{-Ps = 83 + 23 = 313 mv 
This is, of course, larger than any value which could be realized in practice 
for the concentration of KG m C' would fall off rapidly since KG would diffuse 
away from C' into C much faster than it diffused up to C' in the guaiacol owing 
to the greater viscosity of the latter The observed value is 19 =k 0 6 (12 
observations) 

As would be expected, we find that when we employ KC1 m place of KG for 
the concentration effect we can neglect Pb since its value is very small in all 
cases Hence the observed value for the concentration effect of KC1 is prac- 

u xhe value of X K at 25°C is taken as 74 That of A c is taken as 4 1 1 (7 2) «= 30 
since the viscosity of guaiacol is 7 2 times that of water (cj Shedlovshy, T , and 
Uhlig, H H , J Gen Physiol , 1933-34, 17, 549) 

16 The aqueous solutions were saturated with guaiacol 
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tically the same whether we have a situation like that in Scheme 1 (p 294) or 
like that in Scheme 3 

Similar considerations apply to NaG The ma xim u m value for Pi would be 
5 2 mv , as already noted (p 298) For the maximum value of P* we have 1 ® 


P. 


59 


50 - 30, 0.2 

log ■ — 

50+30 0JQ2 


- 14J} mv 


An actual test of the diffusion potential of 0 2 u NaG against 0 02 u NaG in 
water (no guaiacol phase present) gave 17 ± 0 1 mv (4 observations) 
Accordingly we have for the sum of the maximum values 5 2 -f- 17 <=« 22 2 
The observed value is 15 =b 0 03 (4 observations) which is, as expected, much 
less 

Turning now to the effect 17 of KG vs NaG (potassium effect) we find it ad 
vantageous for purposes of computation to set up a chain in which the concen 
trations of the two salts in the guaiacol phase are approximately equal For 
this purpose guaiacol was shaken with 0 131 m KG and then placed in contact 
with 0 2u aqueous NaG, as in Scheme 4 


Aqueous Guaiacol Aqueous 


A | V 

B | B 

1 B ' 

C 

0 131 mEG 1 
1 

0 054 k KG ! 
1 1 

KC + NaG j 

KG + NaG 


Scheme 4 


The maximum value for Pi would occur if B contained 0 054 m KG (with no 
NaG) and B # contained 1 * 0 052 u NaG (with no KG) This value cannot be 
accurately computed We may attempt an approximation by assuming that 
in the guaiacol concentrations are equal to activities and that the degree of 
dissociation is the same for KG and NaG 1 * If we neglect the difference w 

*• The value of in water at 25°C is taken as 50 and that of Xo as 4 11 (7 2) - 30 
since the viscosity of guaiacol is 7J2 times that of water 

17 It may be noted that In the cases previously treated where different concen 
traticms of the same salt were in contact it makes no difference theoretically whether 
the diffusion boundary is sharp or diffuse. This does not apply when different salts 
are in contact. Cf Ma clones DA* chapter S and p 224 

11 Guaiacol shaken with aqueous 0 131 u KG at 25°C contains 0 054 M KG shaken 
with 0 2 ii NaG it contains 0 052 u NaG 

*• The degree of dissociation, of KG and of NaG in guaiacol does not differ much 
(see footnote 6) The error involved In the assumption that concentrations In 
guaiacol are equal to activities is approximately the same for KG and NnG so that the 
resulting computation Is not as far out as would otherwise be the case it is lessened 
by the fact that only ratios are involved *• * **** 
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first reading was usually high, as explained later (p 304) If a change occurred in 
measuring concentration effects the measurement was rejected 

Let us now turn to a different type of experiment in which the guaiacol is 
shaken at the start with the more concentrated aqueous solution Here the 
diffusion potential Ps m the dilute aqueous solution becomes important We 
may picture the situation as in Scheme 3 


Aqueous 

, 1 , 

A j A' 
0 14 m KG 


Guatacol 


Aqueous 


! B' 

B 

B" 

C' 

0 062 u KG 

Less than 

More than 



0 062 h KG 

0 014 ir KG 


P» 


C 

0 014 xi KG 


Pi Pa 

Scheme 3 


The maximum value possible for Pi would exist if B contained 0 062 m KG 
and B", in equilibrium with C', contained 0 00094 m K G This maximum 
value would be calculated as 8 3 mv as described above (p 297) 

The maximum possible value for P& would result if C' contained 0 14 m KG, 
in equilibrium with 0 062 H KG in the guaiacol, and C contained 0 014 M KG 
We should then have 14 for Ps (assuming that concentrations m the aqueous 
solution are equal to activities) 


P 5 = 59 ^kL^Co> 
+ 7i(C> 


log 


014 
0 014 


74- 30 0 14 

P ‘“ 59 ?T+To , ° e CrOM 


= 25 0 mv 


Here the dissociation in the aqueous phase is regarded as complete 
A measurement was made with the aqueous 16 solutions m direct contact (no 
guaiacol phase present) This gave 23 ± 0 4 mv (8 observations) 

Adding these maximum values we get Pi + Ps = 8 3 + 23 = 31 3 mv 
This is, of course, larger than any value which could be realized in practice 
for the concentration of KG m C' would fall off rapidly smce KG would diffuse 
away from C' into C much faster than it diffused up to C' m the guaiacol owing 
to the greater viscosity of the latter The observed value is 19 d= 0 6 (12 
observations) 

As would be expected, we find that when we employ KC1 in place of KG for 
the concentration effect we can neglect P 6 smce its value is very small in all 
cases Hence the observed value for the concentration effect of KC1 is prac- 

14 The value of Ar at 25°C is taken as 74 That of A c is taken as 4 1 1 (7 2) =30 
smce the viscosity of guaiacol is 7 2 times that of water (cf Shedlovsky, T , and 
Uhlig, H H , / Gen Physiol , 1933-34, 17, 549) 

16 The aqueous solutions were saturated with guaiacol 
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Experiments with living cells indicate® that diffusion potentials play the 
chief rfle m their electrical behavior Here we use a different method of cal 
culation Since we do not know the mobilities or activities in the non-uqueouS 
protoplasmic surface layer we cannot employ them to calculate potentials. 
We must reverse the process and calculate ionic mobilities from the observed 
potentials It is of interest to see how dosely we approximate the true values 
when we use this method with gualacoL 
To determine relative mobilities from the concentration effect we may put 
To equal to unity and designate it as f 0 We then have for the concentration 
effect of KG (p 297), putting « K + « fir, 


Sk + 1 »• 


With living cells there is a non-aqueous laytr at the surface of the protoplasm 
and we may assume that the ratio of activities in this layer Is the same aa in 
the external aqueoua solution (p 306) Proceeding in the same way with 
guaiacol we may write (asauming that concentrations are equal to activities) 


„ fig - 1 , OH 
8 “ S? fi* + 1 108 0014 


whence fir ” 131 This means that «r + 'o “ 131 The actual value Is 
the same as for + bo, t « 539 + 411 “ 131 (p 296) 

In the same way from the concentration effect of 0 02 n 0 20 u NaG which 
equals 5 (p 298) we obtain An, «jj, + t> 0 “ 1 19 The actual value is 
489 + 411 » 119 (p 296) 

In order to calculate in the transference number of K + , we have 


**- 


«r 


131 

Ml + L0 


-0367 


The actual value of ir as determined by Longsworth la 037 (or as worked out 
above 0367 (p 296)) 

The corresponding values for NaG are 


'* 


fi« 1 19 

S* — *« “ 1 » + U0 


0343 


"Osterbout, W J V,J Gen PkyttoL, 1929-30 IS, 715 1939-40,23, S3 171 
Osterhout, WJV and Hid, S E , / Gen Pkytiol. 1938-39 22, 139 Hill, S E , 
and Osterhout, W J V,J Cm PkyM 1937-38 21, 541 Free. Hat Acad Sc. 
1938 24, 312 Damon E B / Gen PkyM , 1932-33, 18, 375 Cowan, S L , 
Proc My StK London, Soria B, 1934 116, 216 Erfanger J , and Gasser H S 
Electrical signs of nervous activity The Etdridge Reeves Johnson Foundation tor 
Medical Physics Lectures, Philadelphia, University of Pennsylvania Press 1937 
p 134 Webb, D A,, and Young J Z / Pkpiol 1940 98, 299 



306 


DIFFUSION POTENTIALS IN MODELS AND IN LIVING CELLS 


The actual value of f Na as determined by Longsworth is 0 54 or as worked out 
above 0 543 (p 296) 

It is evident that the method of calculation used for living cells gives satis- 
factory approximations to the true values when applied to a non-aqueous sub- 
stance like guaiacol 23 

This result depends upon two factors 

1 The activity ratios Designating the activity of the ionized portion of a 
solute as [C,] we may say that if the value of [C,] in the aqueous phase in- 
creases tenfold it will also increase tenfold m the non-aqueous surface layer of 
the protoplasm This implies that the partition coefficient of [C,] is constant 
As already stated (p 298) this is true unless the non-aqueous phase changes its 
properties ( e g by changing its content of water) 

2 Diffusion potentials account for the observed id’s The present paper 
shows that this is true for guaiacol and previous papers indicate that it apphes 
to the cells most carefully studied, t e , to NiteUa, Valoma, and Eahcysks 
For example in Nitella the changes idpd due to changes in the concentration 
of KCl closely approach the values predicted by the equation for diffusion po- 
tentials 24 ’ 26 

An extension of the method enables us to follow changes produced by 
reagents 26 or by metabolism 27 in mobilities and m partition coefficients 23 For 
this purpose great accuracy is not needed since as a rule we are chiefly interested 
in quahtative results 

23 It does not follow that it would be equally useful with all non-aqueous substances 

24 Osterhout, W J V , and Hill, S E,J Gen Physiol , 1937-38, 21, 541 Also 
unpublished results with other salts See also Blinks, L R , The relation of bio- 
electric phenomena to ionic permeability and to metabolism in large plant cells, in 
Cold Spring Harbor symposia on quantitative biology, Cold Spring Harbor, Long 
Island Biological Association, 1940, 8, 208 

26 In some cases at least an entering cation may combine with an organic anion 
X~ m the non-aqueous surface layer (Jacques, A G , J Gen Physiol , 1939-40, 
23, 41) but the anions in the external aqueous solution may also be important as 
shown by the change in pj> when NOj is substituted for Cl (Blinks, L R , The re- 
lation of bioelectric phenomena to ionic permeability and to metabolism m large plant 
cells, m Cold Spring Harbor symposia on quantitative biology, Cold Spring Harbor, 
Long Island Biological Association, 1940, 8, 204) The result would depend some- 
what on the relative activity' of X~ 

26 Osterhout, W J V , J Gen Physiol , 1938-39, 22, 417, 1939-40, 23, 171 Oster- 
hout, WJV, and Hill, S E , 7 Gen Physiol , 1938-39, 22, 139, Proc Nat Acad 

Sc 1938 24 427 

27 Hill, S E , and Osterhout, WJV, Proc Nal Acad Sc , 1938, 24, 312 Oster- 
hout W J V , / Gen Physiol , 1939-40, 23, 429 

2S The use of Henderson’s equation m determining partition coefficients makes t e 

results less accurate 
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As examples we may mention studies on Nxtclla which show that the mobil 
Hies and partition coeffiaents are b> no means the same m winter os in sum 
mer - 17 os a rule winter cells can be made to act like summer cells in these 
respects by leaching with distilled water which removes certain organic sub- 
stances. 

We also find that great changes are produced by reagents For example, 
in Ntlella certain mobilities and partition coefficients can be raised by guai 
acol ** Guaiacol reverses the order of mobilities of K + and Na + in ValontcP 
so that instead of tis > Vq\ > we have > cci > « x (thus showing that 
the surface is not a pore system) 

Further studies in this field are very desirable. 

It is a pleasure to thank Dr Theodore Shedlovaky for helpful suggestions 
and Mr Harry Bodner for the care and skill he has shown in making measure 
meats. 


SUMMARY 

The behavior of guaiacol resembles that of certain protoplasmic surfaces 
to such an extent that it can be advantageously used in models designed to 
imitate certain aspects of protoplasmic behavior In these models the elec- 
trical potentials appear to consist of diffusion potentials and this may be true 
of certain living cells 

In dealing with models we determine ionic mobilities and use these to predict 
potentials 

In studying living cells we measure potentials and from these calculate ionic 
mobilities The question arises how far is this method justified To test 
this we have treated guaiacol like a living cell, measuring potentials and from 
these estimating ionic mobilities 

The results justify the use of this method This is of interest because the 
method is most useful in studying protoplasmic activity In its extended 
form it enables us to follow changes in mobilities and in partition coeffiaents 
due to applied reagents and to metabolism. 

*• Osterhout W J V J Gen PhysuA , 1939-40 23, 171 

,3 Chterhcmt, W J V J Gen Pkynol 1936-37,20, 13 
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I 

The electrochemical properties of collodion membranes art known to vary 
greatly with the nature of the collodion preparation used, more acid prepara 
tions yielding membranes of higher electrochemical activity The assump- 
tion has always been made, tacitly or expressly, that the thickness of the 
membrane is of no influence Thus, it has been generally assumed that the 
characteristic concentration potential* across dried collodion membranes must 
be independent of the thickness of the membranes 7 

We became doubtful of the validity of this assumption As was pointed 
out in a preceding communication 1 * * * * * 7 the concentration potentials across differ- 
ent membrane specimens frequently vary considerably, even if the membranes 
are prepared from the same collodion solution under conditions as nearly iden 
tical as possible. The following set of facts also needs to be considered. It 
has been demonstrated that the behavior of dned collodion membranes with 
solutions of strong electrolytes is due to (1) its micellar structural arrangement, 
that is, to the presence of interstices of larger than mmunal (molecular) di 

1 Michael!* L. and Perlzwdg W A. / Gen Physiol 1926-27, 10, 575 

* Wflbnmdt, W J Gen Physiol 1935,18,933 

* Sollner, K. and Abrams L J Gen Physiol , 1940 24, 1 

* Sollner KL, Abrams L and Carr C W / Gen Physiol. 1941,24,467 

‘Sollner EL and Care, C W J Gen Physiol 1942 28, 17 

* The charactensbc concentration potential is defined by Michaelis and collabo- 
rator* as the potential which arises when a membrane i» Interposed between 0 01 u 
and 0 I u potassium chloride solution. Michaelis, L., and Fujita, A., Biochem Z , 
Berlin, 1925 158, 28 1925 161, 47 1925 164, 23 Michaehs L, and Dotan, S , 
Biochem Z Berlin, 1925 162, 258 Michae lis , L., and Hayashi K., Biochan Z , 
Berlin 1926 173, 411 Michaehs, L. and Pexlsweig, W A.,/ Gen Physiol , 1926-27, 
10, 575 Michaelis, L McEIlsworth R. and Weech, A. A,, / Gen Physiol 1926-27, 
10, 671 Michaelis, L. Weech A. A- and Yamaton, A., J Gen Phvsioi 1926-27 
10, 685 Michaehs L,, Bull Nat Research CouncU, Ao 69, 1929 119 KoBoid Z 
1933 62, 2 and other publications. 

7 Weech A. A. and Michaelis, L. J Gen Physiol 1928 12,221 
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mansions, 5 and (2) to the dissociable groups — carboxyl groups — present m 
some of the nitrocellulose molecules 4 8 9 It was further shown (3) that the 
surface concentration of these * 'active” groups — as determined by b as e ex- 
change experiments — can be very small, even in highly active collodion prep- 
arations, smaller actually than can be determined with the conventional 
chemical and physical methods 8 9 Thus, there is some doubt as to whether 
there is a sufficient number of these active groups available to supply each of 
the interstices across a thin membrane with at least one active group 59 It 
is obvious that the chance of this occurrence diminishes with decreasing thick- 
ness of the membrane 

In the foregoing discussion we have assumed that a single active group in an 
interstice across the thickness of the membrane is sufficient to cause the maxi- 
mal effect, i e , complete blocking of the passage of ions of the same sign This 
assumption is supported by all the available experimental data, and is tacitly 
made m all theoretical work 

The measurable membrane potential with each individual membrane is, of 
course, a mean of the potentials of all the possible pathways across the mem- 
brane, each pathway contributing to the measurable effect according to its 
electrical characteristics, pore potential, and resistance In other words, the 
pores which do not contain a dissociable group short circuit the electrical effect 
set up by the pores containing one or several such groups For membranes 
containing somewhat larger pores this general concept has been used to explain 
the mechanism of anomalous osmosis 10 It is obvious that unduly large pores, 
and still more so, any cuts, holes, or cracks would influence the measurable 
effect very strongly by such short circuits 

In the experimental part we will discuss briefly the reasons why we feel 
certain that no larger mechanical defects are present even in thin collodion 
membranes and what evidence we have that unduly large pores (which could 
not be blocked by a single charge) do not seem to exist 

For reasons outlined above we decided to determine experimentally whether 
or not the concentration potential across dried collodion membranes is a func- 
tion of their thickness Any result is bound to cast considerable light on the 
interaction of geometrical and electrical factors in the constitution of the dried 
collodion membrane 

In addition a definitely positive decision is bound to contribute pertinent 
information concerning the relative merits of the continuous phase theory and 

8 Sollner, K , Abrams, I , and Carr, C W , / Gen Physiol ,1941, 25, 7 

9 Sollner, K , Carr, C W , and Abrams, I , J Gen Physwl , 1942, 25, 411 

10 Sollner, K , Z Eleclrochem , 1930, 36, 36, 234, Sollner, K , and Grollman, A , 

Z Eleclrochem , 1932, 38, 274, Grollman, A , and Sollner, K , Tr Eleclrochem Soc , 
1932, 61, 477, 487, Sollner, K , Kolloid-Z , 1933, 62, 31 
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the micellar structural theory , a problem -which was dealt with from another 
point of view m the preceding communication. 11 

The homogeneous phase theory would predict the concentration potential 
to be independent of thickness, unless special effects at the interfaces, for ex 
ample orientation or film formation, came into play In this case, which has 
not found adequate treatment in the literature, the mterfacial layers would 
be different from the bulk phase, the whole mteiphase would be built up as 
mterfacial layer/bulk phase/m t erf a aal layer Such a 1 structural” arrange- 
ment of the ‘homogeneous” mteiphase could conceivably account for a de- 
pendence of the concentration potential upon the thickness of the membrane 
However, if such conditions prevail, the homogeneous phase theory, as we are 
accustomed to think of it would cease to be applicable 

A ‘micellar structural” theory would, at least for certam favorable cases, 
lead to the prediction that increasing thickness of the membrane would bnng 
about increasing lomc selectivity, and consequent!} increasing concentration 
potentials provided, as indicated above, that the thickness of the membranes 
be not great compared with the mean distance between two electrochemicnlly 
active groups or spots within the membrane In a highly schematic manner 
Figs 1 and 2 give two possible ways to visualize the thickness effect. We 
assume, in agreement with the best information available, that the charged 
spots in a narrow pore prevent the passage of ions of the same sign but allow 
the passage of oppositely charged ions 43 uncharged pores of proper dimensions 
allow the passage both of amons and cations In the figures the membrane 
substance is indicated by stnation, spots which prevent the passage of anions, 
due to a fixed negative charge (as is the case in collodion) are denoted by 
asterisks 

Figs 1 a, 1 6, and 1 c show the simplest conceivable structure of a porous mem 
brune Fig 1 a, representing a unit thickness of membrane shows every other 
pore blocked for the passage of amons, the ratio of the free to the geometrically 
possible pathways thus being 0.5 If m a membrane twice as thick (Fig 1 6) 
the charges are distributed at random, the number of pathways free for the 
permeation of anions would be 0.5 X 0 5 ■= 0.25 or 25 per cent the ratio of 

11 For a brief statement of the problem, homogeneous phase theor> versus micellar 
structural theory and for some pertinent literature, the reader is referred to our 
preceding communication (SoUner K., and Carr C W J Gen Physiol , 1942 26, 17 ) 

11 The interstices in dned collodion membranes conform to this condition This 
can readily be seen from the fact that dned collodion membranes on activation by 
oxidation become practically impermeable to anions, as evidenced by the nearly 
maximal concentration potentials across such membranes. (SoUner K., Abrams 
L and Carr, C W / Gen Pkynol 1941 25, 7 SoUner, K., and Carr, C. W / 
Gen Physiol 1942 26, 17) 
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b c 

Fig 2 


possible pathways to pathways available for anions thus decreases in a geo- 
metrical series with increasing thickness of the membrane Fig 1 c, eg repre- 
sents a five-layer membrane, which gives (statistically) a ratio of 1 (t) 

— 1 & 
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The potential across such membranes between the concentrations Ci and o* 
m the case of a um-umvalent electrolyte can, according to Mlchaehs, be ex- 
pressed as 


CD 


E 


U ~ V 
U+ V 


RT fa- 
ct 


U and V being respectively the mean mobilities of all the cations and anions 
m the pores However, this approach is too formal for our present purposes 
Recently, it was shown experimentally that a certain number of anions are 
fixed permanently and immovably to the structure of the membrane, their 
mobility thus being zero * 4 ** 9 •• u * l4 > 11 

It is outside the scope of this paper to discuss ail the ramifications of this 
general concept- Our considerations are actually based on certain simplified 
assumptions Nevertheless, they are sufficiently accurate to yield at least a 
semiquantitatrve picture of the true situation Readers interested in the 
theoretical aspects of the matter must be referred to the papers of Teorell, u 
and Meyer and Severs 14 111 which are based on a rigorous quantitative applica 
tion of the above general concept. 

If the fraction a of all possible pathways m the membrane is blocked for the 
movement of anions (but allows the passage of cations) and if u and v are the 
true mobilities of the movable cations and anions in the membrane, vn being 
the mobility of the fixed anions, the Nemst equation can be written as follows 


(2) 


# + (1 — o) f + Ofo Cl 

and since 

*.-0 

O) 



u + (1 - a ) » 


In the case of a membrane with n unit layers the equation for the case dis- 
cussed above becomes 


(4) 


£■ - 


u -f- (1 — a) v c, 


since only the fraction (1 — a) of all possible pathways is available to anions 
Experiments of Meyer and S levers u indicate that the ratio of the mobilities 
of univalent anions and cations in a membrane of porous character does not 


u Teorell, R. Proc. Soc. Exp Bio l and Met i 1935 33,282 
14 Meyer K.H. andSievers J F Hdv Chm Acfa 1936,19,649 
” Meyer K. FI , and Sievers, J F Sdv Ckim Ada 1936, 19, 665, 963 
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differ appreciably from the ratio m free solution If we assume this to be 
correct we may introduce the conventional figures for u and v in our equations 
For the case of potassium chloride u is equal to v If we consider this case, 
and a concentration ratio of 10 1 and further, a selectivity factor a per unit 
layer of as assumed in Fig 1, then a monolayer membrane would yield 18 7 
mv , a membrane composed of two layers 33 6 mv , a five-layer membrane 
52 6 mv , etc , if the thermodynamically possible maximum is assumed to 
be to 56 mv 

However, the kind of veiy simple behavior which we just discussed is by no 
means necessarily inherent in membranes which have a structure Another 
possibility is shown in Fig 2 Fig 2 a represents a unit layer of membrane, 
50 per cent of the pores being blocked for anions (a = 0 5) Fig 2 b shows a 
possibile assembly of two such layers which allow a free cross connection of the 
pores between two adjacent membrane layers If an electrolyte diffuses 
through such a membrane this space will soon be filled with electrolyte solution, 
the concentration of which, c 3 , is somewhere between the concentrations ci 
and C2 on the two sides of the membrane The potential across the whole of 
the membrane 2?i 2 is the sum of the two single potentials across the two indi- 
vidual membrane layers 

(5) 

( 6 ) 

and 
(7) 


•Ei : 


En = Ei » + Ej,t 

--''■•NrhS 


« + (1 — 0 ) V 


Cl 


11 — (1 — a)v Cl 

Ei 1 = 7 r— EEIn - 

« + (1 — a) v Ci 


Therefore 

( 8 ) 

(9) 


£1* 


- ~ T - Ip RT 
« + (1 — a) v 



"-b- ASht^j 

u + (1 — a) v Ci 


For a membrane of n layers thickness the equation becomes 


E, 


11 — (1 - a) v 


(10) 


=4-’xr(* 

-a)v \ 


K+ (1 
v+ (1 — 0 ) v ci 


In — -f- la — f- 

C a 6b 


+ ]n ^ + ln «-» 
6(n— I) 


fr-A 
c * / 


Thus the potential across a membrane as sketched m Figs 2b and 2c is 
mdependent of the number of umt layers (plus connecting spaces) from which 
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the membrane is built. We also see that the concentration potential is inde- 
pendent of the distribution of the concentration drop from a to cj among the 
several layers of the membrane 

Thus, we see that cross connections between different pores influence the 
behavior of membranes profoundly According to the micellar structural 
theory therefore, the relative frequency of the blocking groups and branchings 
of the pores should be the paramount factor determining the electrochemical 
behavior of dried, collodion membranes 

Many cases of a more complicated nature than those which were discussed 
are of courxe accessible to theoretical treatment However, any further dis- 
cussion seems superfluous at this point The effects may lie anywhere between 
the two extremes represented by the two cases mentioned No definite pre 
diction as to the dependence of the concentration potential upon the membrane 
thickness can be made on the basis of the micellar structural theory, the latter 
is compatible with potentials which depend upon the membrane thickness as 
well as with potentials which are independent of it However one can expect 
the appearance of the thickness effect with some degree of certainty merely 
from a consideration of the chance distribution of charges One would antici- 
pate this effect particularly for very thin membranes prepared from not too 
active collodion preparations 

It is obvious that the absolute permeability per square centimeter of mem 
brane decreases in all coses as the membrane thickness increases, with electro- 
lyte solutions this means increased ohmic resistance with increasing thickness 
However, for the present we are not concerned with this obvious effect, but 
will consider and investigate only the magnitude of the electromotive forces 
which may be caused by different membrane thicknesses 

n 

The experiments which are necessary to test for the existence of the expected 
thickness effect are of an extremely simple nature the electromotive properties, 
c.g the characteristic concentration potential,* of dried membranes are deter 
mined Several collodion preparations of different activity were used, since 
this factor could easily be of great importance One could expect that even 
very thin membranes prepared from a highly actne preparation might yield 
nearly maximum concentration potential values, m this case, of course, no 
significant increase with increasing thickness could be expected 
Membranes cast from the same collodion solution under supposedly identical 
conditions may yield concentration potentials which vary in del} 1-1 It there- 
fore was necessary to cast a number of membranes from each solution in order 
to obtain significant mean values for the concentration potential 
Our experiments were earned out with bag-shaped membranes, since it is 
much easier to v.ork with a large number of bag-shaped membranes than with 
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flat ones Bag-shaped membranes have the additional advantage that rather 
thin membranes may be readily used 

Membranes of different thickness are most easily obtained by casting them 
from solutions of different concentration, the more concentrated solutions are 
more viscous and thus readily yield membranes of greater thickness, if one uses 
the conventional manual casting method 
This method is by no means perfect Though the average thickness (see 
below) of different membrane specimens is remarkably constant in any given 
senes, nevertheless, slightly thinner and thicker spots appear m each individual 
membrane However, we want to stress the fact that a trained experimenter 
is able to produce membranes of great uniformity 16 
Most of our membranes — man}'- show bnght interference colors when im- 
mersed in water — are too thin for accurate mechanical measurement of their 
thickness We therefore determined their average thickness by area and 
weight determination in the dry state The weight and area of several mem- 
branes of each kind were measured after carefully removing all unduly heavier 
parts which are frequently found near the open end of the membrane bags 
The specific gravity of the dry membranes was taken as 1 6 
Here it may be asked what proof exists that the membranes, particularly the 
thinner ones, are intact There is first, the method of Northrop, 17 who tested 
membranes by filling them with 2 sr sodium chloride solution and immersing 
them in 1 m silver nitrate, in this way holes may readily be detected by the 
formation of a precipitate Further, there is the fact that considerable con- 
centraction potentials are consistently obtained Occasionally, but rarely, 
a membrane is found which gives a zero concentration potential, or nearly so 
Such membranes can nearly always be shown to leak and are discarded That 
the membranes may be oxidized to yield nearly maximum concentration po- 
tentials (regardless of the potential they give in the original unoxidized state) 
seems to indicate strongly that they are without holes or cracks That the 
membranes may be handled and stored for considerable time without any 
change in the characteristic concentration potential also indicates the absence 
of any cracks or cuts which would tend to grow in course of time 
The collodion preparations used were Baker Collodion, u S P and Malhnc- 
krodt “Parlodion,” two of the best commercial preparations, a sample of oxi- 
dized collodion of very high electrochemical activity, and finally, purified 
“Parlodion,” the least active preparation known to us The methods of pre- 
paring the latter two preparations were described m previous papers 8 9 There 
one finds also data concerning their general properties and their electrochemical 
behavior The batch of Malhnckrodt “Parlodion” used in the present work 
was significantly more active than batches used previously 

18 £ g Nakagawa, J , Jap J Med Sc III Biophysics, Transactions and Ab- 
stracts, 1937, 4, 297 

17 Northrop, J H , J Gen Physiol , 1928, H> 233 
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Solutions of 2, 4, 6, 8, and 10 per cent collodion in 75 per cent absolute ether 
and 25 per cent absolute alcohol were used Appreciably more dilute solutions 
yield membranes ■which cannot be handled conveniently m the usual manner, 
whereas solutions containing more than 10 per cent collodion are — with the 
preparations used — too viscous to allow a satisfactory casting of membranes 

There is an additional method of preparing m e m branes of increasing thick- 
ness, namely, bv superimposing several layers of collodion on top of each other, 
a new layer being added after the preceding one is dried completely This 
method, however, suffers from the disadvantage that thin membranes (as 
prepared from dilute solutions) are largely dissolved on contact with the collo- 
dion solution added for the preparation of the next layer With more concen 
t rated solutions this effect is not so conspicuous, but there is a strong tendency 
for the membranes to loosen from the wall of the test tube in which they are 
cast, in this case irregular shrinkage sets in, thus causing the loss of many 
membranes. 

The membranes were cast by hand in 22 X 85 mm test tubes, dried for 
about 24 hours, and loosened m the usual way by the addition of distilled water 
Next the membranes were fitted to glass rings for more secure and convenient 
handling It was found to be immaterial whether the membranes were kept 
dry or immersed in distilled water prior to measuring the concentration poten- 
tials The latter were measured in the usual manner, as described by Micha 
ehs and collaborators Since the ohmic resistance of ma n y of the membranes 
(the thick ones prepared from high grade collodion) is rather high, the volt 
scale of a commencal electron tube voltmeter (Leeds and Northrup glass 
electrode) was used as potentiometer in spite of its hunted (± 1 mv ) accuracy 
The potential values are easily and accurately reproducible with each mem 
brane. On contact with the salt solution the final concentration potential 13 
established nearly immediately within very few millivolts and reaches the final 
value in any case within & few minutes All potential values grven in the tables 
are final, reproducible values Our membranes were, with very few exceptions, 
symmetrical within the limits of experimental error, the same potential being 
obtained whether the concentrated solution was in contact with the inside or 
outside of the membrane The asymmetry of the few not completely symmet 
ncal membranes was too small to influence our results to an appreciable extent. 

Tables X and II present observations m representative series of our expen 
meats. Each potential value represents one individual membrane. Fig 3 
summarises the results graphically All experimental values m Table I, Table 
H, and Fig 3 are given as obtained at room temperature without correction 
No membranes were left out of the tabulation except those which were mam 
festly damaged. 

The mean of the concentration potential of each series of membranes, the 
magnitude which is of primary interest here, is given in bold face type at the 
bottom of the individual columns together with the standard deviation of the 
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The Influence of the Thickness upon the Concentration Potential Ola KCl/001 m KCl across 
Dried Collodion Membranes Membranes Prepared from Collodion Solutions of 
Different Concentration Potentials in Millivolts 
A M allinckrodt Parlodton 


2 per cent 

4 per cent 

6 per cent 

8 per cent 

10 per cent 

(Average raem 
brane thickness 

(Average mem 
brane thickness 

(Average mem- 
brane thickness 

(Average mem 
brane thickness 

(Average mem 
brane thickness 

2 7p) 

6 in) 

8 9p) 

18 p) 

27 p) 

mv 

mv 

mv 

mv 

mv 

33 

24 

36 

42 

46 

33 

43 

42 

44 

42 

10 

44 

41 

43 

43 

20 

40 

40 j 

44 

40 

32 

22 

40 

44 

43 

20 

40 

40 

44 

41 

30 

37 

23 

43 

42 

29 

38 

40 

38 

42 

33 

40 

42 

45 

43 

28 

42 

41 

42 

41 

27 

40 

40 

44 

45 

10 

39 

41 

42 

43 

25 

i 32 

40 

43 

42 

26 

1 36 

42 

41 

42 

27 

23 

40 

41 

45 

26 

15 

32 

42 

40 

26 

34 

33 

42 

42 

18 

32 

35 

40 

45 

31 

33 

41 

41 

42 

33 

35 

39 

40 

45 

Mean 

Mean 

Mean 

Mean 

Mean 

25 6 ± 1 6 

34 6 ± 1 8 

88 4 ± 1 0 

42 3 ± 0 4 

42 6 ± 0 4 


B Purified Mallmckroit Parlodton 


2 per cent 

(Average membrane thickness 

3 6p) 

6 per cent 

(Average membrane thickness 

12 Op) 

10 per cent 

(Average membrane thickness 

32 2p) 

mv 

mv 

mv 

24 

31 

37 

21 

31 

29 

27 

29 

30 

26 

30 

27 

15 

29 

30 

24 

30 

30 

17 

32 

28 


32 

35 


33 

40 


31 



32 


Mean 

Mean 

Mean 

22 0 db 1 7 

30 9 db 0 4 

SI 8 rfc: 1 5 
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TABLE I — Concluded 
C Baker CoUodton USJ’ 


2 pc cent 

(Average to era 
bran# tbkkneag 

tin) 

4 per c*nt 

raetn- 
bcana thkkntas 

4 4|0 

6 per cent ' 

(Average men- i 
bran# tnkkneaa 1 
12.0*) 

8 per cent 
(Average mem i 
brant mkinee* 

21 J *) 

10 per cent 

(Averagt mem- 
brant ti Win eu 
29Sn) 

m. 

Ml 

wm 

Ml 

mr 

25 

® 

45 

49 

45 

22 

34 

42 

42 

43 

27 

32 

41 1 

46 

46 

23 

27 

40 ! 

38 

45 

24 

26 

32 1 

39 

45 

24 

35 

37 

40 

43 

19 

25 

42 

40 

44 


25 

41 

40 

41 

Mean 

Mean 

Mean 

Mein 


23 4 ±1.1 , 

59J ± 1.1 

39 5±L2 

41 7 ± 1 J 

44U) ±00 


D Oxidized CoUodton 

1 per cent 

1 4 per emt 

0 per cant 

(A rempi raambrana thlekneaa 
17,) 

1 (Average rarmbrant tilcfcnm 

33 n) 

(Average membrane tkkkneaa 

IMlO 

«■» 

mr 

an 

44 

52 

54 

49 

51 

54 

47 
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53 

50 

53 1 

55 

44 

44 1 

56 

47 

S3 

55 

44 

47 

55 


53 

54 



54 

Mean 

Mean 

Mom 

46 4 ±1.0 

80.2 ±1* 

64 1 ±0.3 


TABLE II 

Tit Influence of tit T tidiness upon lit Concentration Potential OJ it KCI/OjOI it KO across 
Drttd Collodion llttnbrants Polviayer AT enthrones Prepared from 8 Per Cent 
Solutions Concentration Potentials in lfUlwolts 


A 

Purified XlaTTmrkrodt Ptrlodkn 

4 Ltjtra (average membrane 
tbkkncas 162*) 

B 

Baker collodion ttjj 

2 layer* (average membrane 
thkkneaa T9 T*) 

4 lartra (aTtrage membrane 

tnlckueaa U7 a) 

Ml 


■» 

31 

43 

47 

29 

43 

45 

33 

40 

47 

38 

43 

45 

29 



30 



Mean 

Mean 

Mean 

»17±14 

42.6 ± 0.8 

46j0 ± 0.8 
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mean From the standard deviations of the means the high statistical signif- 
icance of the differences in potential values of adjacent points on the ascend- 
ing branches of the curves (Fig 3) can readily be inferred Thus, in the case 
of Malhnckrodt Parlodion the probability is 5000 1 that the difference between 
the values pertaining to the 2 7 and 6 1 fi membranes is not due to chance, 
it is only 15 1 for the 6 1 and 8 9 ft membranes, corresponding to the relatively 
small difference m the membrane thickness The difference between the 8 9 
and 18 /x membranes is not due to chance, with a probability of better than 
3000 1 The difference between the 18 and 27 n membranes, however, has a 
chance less than 1 1 to be significant The significance of the thickness effect 



Fig 3 

with the other brands of collodion is similar to that given for Malhnckrodt 
Parlodion 


m 

The general results of the experiments presented m Tables I and II can be 
read conveniently from Fig 3 and may be summarized as follows — 

1 The concentration potential is a function of the membrane thickness with 
all the collodion preparations which were investigated 

2 With electrochemically active collodion nearly maximum values were ob- 
tained with membranes of less than 0 01 mm thickness, the theoretically 
possible ma ximum being reached within 2 mv with membranes of about 0 02 
mm thickness 

3 With rather inactive collodion preparations the potentials increase from 
low values m the case of the thinner membranes to medium values with thicker 
(0 02-0 03 Tnm ) membranes Still thicker membranes do not yield appreci- 
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ably higher concentration potentials, actually, there is no indication that the 
theoretically possible man mum value could be obtained with membranes of 
any thickness 

The former assumption that the concentration potential is independent of 
membrane thickness must be abandoned. Parenthetically we may add that 
this conception had its ongm m all probability In the preferential use of 
active collodion for membrane work and also m the nearly universal use of 
membranes of appreciably greater thickness than those used for the fore 
going experiments 

If we recall the discussion m the first half of this paper we further come to the 
conclusion that the homogeneous phase theory cannot be applied to dned collo- 
dion membranes, as this theory predicts independence of concentration poten 
tial and membrane thickness The experimental results are compatible in 
a general way with the micellar-structural theory However, neither of the 
two simple cases discussed in the first half of this paper fits the experimental 
results adequately over the whole range of investigated membrane thicknesses 

The first of the suggested simple structural possibilities predicts an increase 
m the concentration potential and finally an approach to the maximum possibly 
potential with increasing membrane thickness according to equation 4 The; 
ascending branches of the curves agree m a qualitative way with this concept, 
however, we see that this maximum value is not reached as a rule Rather, 
a constant potential value, different from the thermodynamically possible max 
imum is reached at a certain thickness of the membrane, this value does not 
seem to increase with still thicker membranes Even if we consider only the 
ascending branches of the curves, it seems impossible to apply equation 4, 
whatever values for a (and the unit thickness of membrane) are tried, the ex 
pen mental curves are too flat. The horizontal part of the curves, on the other 
hand, would be consistent with the second of the above possibilities as ex 
pressed in equation 10, however, this equation does not account at all for the 
ascending brandies of our curves. 

Obviously, the two possibilities which were discussed at the beginning of this 
paper are too simple our problem therefore is to find a consistent and inher- 
ently probable way to exp lam the shape of our curves, not only for the expen 
mentally accessible range, but also for the range of still thinner membranes 
our experimental curves have to be extrapolated to or at least near to the point 
of intersection of the thickness and of the potential axes. 

Any useful explanation obviously needs to assume greater structural com- 
plexity of the membranes than the two suggested pcsabHities It is rather 
suggestive to assume that the orientation and aggregation of the collodion 
molecules in the surface layers and near them is different from the situation in 
the m tenor of the membrane To simplify the argument ire assume in if* 
following discussion that the two sides of the membrane are eouivalent erst 
least analogous In their structural buildup, this, however, is by no means «or*- 

/ 
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sanly true, as the forces acting upon the two sides of the membrane during the 
process of drying are not exactly identical It seems probable that the molec- 
ular aggregation m the surface layers should be denser and more regular than 
in the interior of the membrane where these forces are not operative Corre- 
sponding to this one would find in the surface layers a smaller specific permea- 
bility and greater ionic selectivity According to this view, the membrane 
would be made up of qualitatively different layers, the surface layers would be 
mainly responsible for the electrical and general permeability properties of the 
membrane, the mner layers acting as a more indifferent supporting structure 
This picture agrees well with the experimental results The steepness of 
the ascending branches of our curves in the region of the thinnest membranes 
indicates a veiy great specific ionic selectivity per umt thickness in this region 
in a structure conforming m some degree to the picture of Fig 1 In the addi- 



a b 

Fig 4 


tional layers of somewhat thicker membranes the selectivity becomes less, 
hence the rapid flattening out of our curves which is incompatible with equa- 
tion 4 If the collodion does not happen to be very active, the aggregate 
selectivity of these layers on the two sides of the membrane is not sufficient to 
cause maximum concentration potentials The additional thickness of the 
membrane is composed of a structure of relatively low specific selectivity, 
probably due to a somewhat looser state of aggregation of the collodion mole- 
cules These mner layers then would contribute practical ly nothing to the 
overall selectivity of the membrane, whatever their thickness may be These 
layers thus conform to the picture sketched m Fig 2 

According to the ideas outlined, membranes above a certain minimum thick- 
ness are built up of identical active structures with or without an inactive 
interlayer The assumed relationship between a very thin membrane and two 
constant potential value membranes of different thickness is sketched in Figs 
4 a, b, and c 
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From this discussion it can be concluded that the experimental facts can 
readily be explained by the assumption of a structure which is a combination 
of the two simplest possible structures which were mentioned m the first part 
of this paper The factual state of any given layer of a membrane probabl} 
is between the two extremes, a great variety of intermediate states occurring 
in each membrane However, until further proof is available this picture must 
be considered as entirely hypothetical 

With polvlayer membranes, as said before, each previous layer is partially 
dissolved when one adds another Here, too, as it appears from the results, 
the two outermost layers of the membrane are probably responsible for the 
observed concentration potentials However, at this time it seems superfluous 
or at least premature to discuss this possibly more complex case m greater 
detaiL 

Further discussion of the significance of the above results with regard to the 
problem of membrane structure m general must be postponed. Only after 
additional data concerning water and electrolyte content, conductance, and 
charge density become available will such a discussion and a comparison with 
physiological membranes become profitable 

SUMMARY 

1 Experiments were earned out to decide whether or not the electromotive 
properties of dned collodion membranes depend upon their thickness 

2 A number of dned collodion membranes of varying thickness, 3-160 p, 
were prepared from collodion preparations of different electrochemical activity 
The characteristic concentration potentials across them were measured and the 
means of these values determined for each thickness 

3 The characteristic concentration potentials across dned collodion mem- 
branes are a function of their thickness The thinnest membranes yield in all 
cases the lowest concentration potentials, increasingly thicker membranes give 
increasingly higher potential values, until a constant value Is reached which is 
characteristic of the particular collodion preparation used With electro chcm 
ically active collodion, characteristic concentration potentials approaching the 
thermodynamically possible maximum are obtained with membranes of only 
10 p thickness, thinner membranes giving appreciably lower values With two 
rather inactive commercial collodion preparations the characteristic concen- 
tration potential increases from about 30 mv for membranes 3 p thick to about 
42 mv for 20 p membranes still thicker membranes do not show a significant 
increase m the potential values With a highly purified collodion preparation 
the constant maximum value was found to be about 32 mv , 4 p thick mem 
branes giving only about 22 mv 

4 These results do not support the homogeneous phase theory os applied 
to the dned collodion membrane They are readily compatible with the mi 
cellar-structural theory Several special possible cases of the latter as applied 
to the dned collodion membrane art discussed 
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entering) at any time is equal to the specific activity of its immediate precur 
sor* at that time, and that the specific activity of portions of the compound 
breaking down (or leaving the tissue) is equal to the specific activity of the total 
amount of the compound present in that tissue. 

A Criteria for the Establishment of a Precursor 

It is known that in a biological system one deals with dynamic equilibrium 
mixtures of all types of molecules at different energy levels. Isolation of a com 



Fio 1 Illustration of the a .a. time” relations of precursor A and product B 

pound from such mixtures undoubtedly involves the shifting of these equilibria 
towards that more stable compound If, therefore, the immediate precursor 
A of a compound B can be isolated by chemical procedures, it means that A is 
the last 'stable” compound which precedes the formation of B Compound B 
may have more than one immediate precursor, because two or more molecules 
may combine to form B At present, however we are concerned only with the 
precursor A containing the labeled atom, and we therefore will call it the imme- 
diate precursor of B 

It has been pointed out frequently that during the early interval after the 
administration of a labeled substance the s a (or Isotopic concentration, if non 
radioactive isotopes are employed) of a precursor of a compound must be 
3 The term immediate precursor Is explained below 
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that the same constant specific activity of the immediate precursor was main- 
tamed at the site of the reaction Whether this is the case is not known 
From the ratios of the specific activity of the organ phospholipid to that of 
plasma phosphate, they obtained the fraction of newly formed phospholipid 
molecules formed in that organ They failed to take into account the break- 
down of newly formed molecules, hence them calculation is applicable only to 
experiments of very short duration with respect to the turnover time of a given 
substance 

In the present communication, a simple method for the determination of the 
turnover rate of a substance and the identification of its precursor is presented 

Terminology and Assumptions 

The following terms are used in the present treatment 

Specific Activity —The specific activity (s a ) of a substance containing a labeled 
atom, L, is the amount of radioactive L (radioactive units) per unit of labeled L (mg ) 
present 

Turnover — This term refers to the process of renewal of a given substance, which 
may be accomplished in the following ways (1) The incorporation of labeled atoms or 
radicals into a substance, i e , synthesis or exchange (2) The entering of a labeled 
substance into a tissue, i c , transport (3) A combination of the above two processes, 
which may be termed here appearance of a substance 

Turnover Rate — The turnover rate of a substance m a tissue is the amount of the 
substance that is turned over by that tissue per unit of time 

Turnover Time — The turnover time of a substance in a tissue is the time required 
for the appearance or disappearance of an amount of that substance equal to the 
amount of that substance present in the tissue If, for example, the rate of appearance 
of a substance in a tissue is “a” and the amount of that substance present in that tissue 

is “b.” the turnover time will be ” 

1 a 

The following assumptions are made m the calculations below 

(1) Steady State — The amount of compound present in the tissue studied must 
be constant during the interval over which the calculation is made, i e , the rate 
of appearance of the compound must equal its rate of disappearance 

(2) Constant Rate of Appearance and Disappearance — The rate of appearance 
and disappearance of the compound must be constant during the time interval 
used for the calculation 

(J) Random A ppcarance and Disappearance — The appearance and disappear- 
ance of all molecules must proceed at random, ie, the organism does not dis- 
tinguish between “old” and “newly” formed molecules In the case of phos- 
pholipids Hevesy and Hahn (3) appear to assume that such a distinction is made 
m the animal organism, but this seems very unlikely, especially m tissues where 
little or no organization exists such as plasma The assumption made in the 
present study implies that the specific activity of the compound formed (or 



D B ZU.VERSUIT, c. entenman, and m C. EISHLER 


327 


entering) at any time is equal to the specific activity of its immediate p recur 
sor 3 at that time, and that the specific activity of portions of the compound 
breaking down (or leaving the tissue) is equal to the specific activity of the total 
amount of the compound present w that tissue 

A CrUcnofor the Establishment of a Precursor 

It is known that m a biological system one deals with dynamic equilibrium 
mixtures of all types of molecules at different energy levels Isolation of a com- 



Fio 1 Illustration of the * e jl time relations of precursor A and product B 

pound from such mixtures undoubtedly involves the shifting of these equilibria 
towards that more stable compound If, therefore, the immediate precursor 
A of a compound B can be isolated by chemical procedures, it means that A Is 
the last 1 stable” compound which precedes the formation of B Compound B 
may have more than one immediate precursor, because two or more molecules 
may combine to form B At present, however we are concerned only with the 
precursor A containing the labeled atom and we therefore will call it the Imme- 
diate precursor of B 

It has been pointed out frequently that during the early interval after the 
administration of a labeled substance the sa (or isotopic concentration, If non 
radioactive isotopes are employed) of a precursor of a compound must be 

* The term immediate precursor is explained below 
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(1) If the slope of the “s*a. time” curve of B is positive (see Fig 1), 1 1 before 

the bju of Breaches its maximum, |/(f) — must be positive. This means that 

the of the immediate precursor A xs greater than that of the compound B before 
the latter reaches t U maximum s a 

(2) After B has reached its maximum sjs , the slope of the “s.a. time* 1 curve 
of B is negative, and therefore the s a of the compound u greater than that of its 
precursor 

(3) At the time when B has reached its maximum s.c i the slope of the "sn 
time” curve of B is zero and therefore the sm of the immediate precursor A equals 
the 5 a of compound B at that time. 

B Calculations of Turnover Time 

The general equation derived above was 



As defined above, turnover time (which will be designated b y /*)«=* - If the 

P 

‘W time” curves of A and B are known, it is possible to determine ~ from 

P 

equation (1) 

d* 

Since the determination of the slope ^ involves an error much larger than 
x 

the experimental error m ", it Is advisable to use the integrated rather than 
the differential equation 


- f'i-- f"/m- f'-* 

P J„ r J (1 J,, r 

lt(~ - - f**ww ” / * r* “ * h * ded « 


U - 


•haded area 


(•« Ftg U 


From Fig 1 It can be seen how i, can be determined. There are case*, how- 
ever in which it is advisable to use the ratios of the so of B to the u. 
rather than their absolute values This will be the case, for * 

data from more than one animal ore used In the calculation, - 
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higher than that of the compound itself It has been noted too that, if the s a 
of the precursor is maintained constant, the s a of the compound eventually 
becomes equal to that of the precursor 
It will now be shown how an immediate precursor can be determined more 
precisely from the "s a -time’' relations of the precursor and compound Let 
us agam consider the case m which a single immediate precursor A is converted 
to compound B 
Let 


p = the rate of conversion of A to B (assumed to be constant) 
r = the amount of B present in the tissue (assumed to be constant) 

x = the amount of radioactn e B present in that tissue 
/(/) = the s a. of the immediate precursor A, which, as expressed here, depends on 
time. 


Then the amount of radioactivity that will be converted into B per unit of time 
is and the amount of radioactivity that is lost from B per unit of time is 

p - Therefore, the rate of change of the amount of radioactivity mBma 

tissue per umt of time = 


J, -rn- P- = (■[/(')-;! or 

at T r 



since r is constant 


and 



— = a constant 
r 



measures the slope of the “s a -time” curve of B 


We may now deduce the 


following relation between the s a of the compound B and the s a of its precur- 
sor A At any time the slope of the “s a -time” curve of B is proportional to the 

x 

difference between the s a of A, i e , /(/), and the s a of B,i e r 

The application of this relation m the case m which a single dose of labeling 
agent is administered is illustrated m Fig 1 In general the following three 
criteria for an immediate precursor will be most useful 
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(1) If the slope of the “a a -time” curve of B is positive (see Fig 1), t e before 
the s^. of B reaches its maximum, J/(/) — must be positive. This means that 

the s.a of the immediate precursor A « greater than that of the compound B before 
(he latter reaches its maximum s a 

(2) After B las reached its maximum s a , the slope of the ‘Va,-time” curve 
of B is negative, and therefore the sxi of the compound is greater than that of its 
precursor 

(3) At the time when B has reached t ts maximum sjs the slope of the “s.a 
time” curve of B is zero and therefore the sui of the immediate precursor A equals 
the s a of compound B at that time. 


B Calculations of Turnover Time 
The general equation derived above was 

5 ©-[—;] 

As defined above, turnover time (which will be designated by /,) «■ ~ If the 

P 

“sal Ume’ 1 curves of A and B are known, it is possible to determine - from 

P 

equation (1) 

d- r 

Since the determination of the slope involves an error much larger than 
x 

the experimental error In -, it Is advisable to use the integrated rather than 
the differential equation 

- i - - f'flflU- f'-ii 

«-(? - r) - f ,'** 1 - H'r* " ““ 

thidtd are* e t_ « . 

t, - Fig U 


From Fig 1, it can be seen how U can be determined There are cases, how 
ever in which it is advisable to use the ratios of the sji. of B to the aa of A 
rather thnn their absolute values. This will be the case, for example, when 
data from more than one animal are used in the calculation, since the above 
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ratios tend to be more uniform from animal to animal than the s a themselves 
An illustration of the use of these s a ratios will be given m the following two 
cases 

The analytical solution of equation (1) is 

= J Pf(0e T dl + C 


For the case where the s a of the i mm ediate precursor is maintained constant 
(* e f(0 - a ), this becomes - = o(l - e“‘),smcea, - Owhen* = 0 At turn- 
over time/ = £ and therefore - = a(l - e" 1 ) = 0 63 a, te the ratio of the-^? 

P r s a A 


— 0 63 at turnover time, and similarly at - of the turnover time 


n 

(i e where t = - — ~ = (l — e~n) 

\ n/ so. A x ' 


( 2 ) 


When the s a of the immediate precursor varies linearly with time (t e f{t) = 
bt), the solution is sunplified to 


x br ( p — -A 


since x = 0 when l 


At turnover time again i = - and ~ = 0 37, 

6 p s a A bU ’ 

and at - turnover time = n(~ — 1 + e 

« s a A btt/n \n / 


(3) 


From a given ratio of the s a of B to the s a of At at the time interval T we can 
determine “n” from equation (2) or (3), and from 7 1 = ~ the turnover time of 


the given substance A can be determined 
If the total amount of substance B present m that tissue is known (= r), the 

r 

turnover rate “p” can be obtained from the equation ~ — p 

h 

The Rate of Disappearance of a Compound as a Measure of Turnover Rate — If 
the turnover rate of a substance B m the circulating fluid has to be determined, 
it is convenient to measure its rate of disappearance from the circulating fluid 
From the "steady state” assumption we know that the rate of appearance of 
B in the circulating fluid must equal its rate of disappearance, so that the latter 
gives a true measure of the turnover rate The advantage of this method is 
that the immediate precursor of the compound B does not have to be known 
The measurement can be performed by the introduction of a small amount of 
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labeled substance B into the circulating fluid and by determining its sa. at 

different tune intervals thereafter 

Let 


P — rate of disappearance of B from the circulating fluid, 
x — the amount of radioactive B (in r u.) present in the circulating fluid at any 
tune, 

r - the total amount of B present in the circulating fluid (aisumed to be con- 
stant) 

then 


~ «= ~p - and on integration * *>= u r ' , 
dt r t 

x p 

taking the natural logarithm on both sides, ln-™lnc—-< It is clear 

that a plot of In * (“In an J3) against t will yield a straight line whose slope 

will be *= — - « — i (4) 

f 0 


From equation (4) the turnover rate p can also be determined if the total 
amount of B present m the circulating fluid (■* r) is known. The latter quan 
tity can be calculated from the data obtained in this type of experiment, as 
will be shown in the follow mg paper dealing with the determination of the 
turnover of phospholipids in the plasma of dogs. It should be kept in mind 
that the above relations will hold only during a time interval m which no 
appreciable amount of isotopic substance returns from the tissues to the circu 
latrng fluid 


The suggestions and assistance of Professor L L Chaikoff in the preparation 
of this manuscript Is gratefully acknowledged 

SUMMARY 

1 A new method for the determination of on immediate precursor of a sub 
stance occurring in the unmwl body is presented. 

2 Calculations on the quantitative determination of the rate of turnover 
of a substance and their application to experiments involving the use of labeling 
agents are grven. These calculations take into account loss of the isotopic 
substance by way of breakdown or transport 
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THE TURNOVER RATE OF PHOSPHOLIPIDS IN THE PLASMA OF 
THE DOG AS MEASURED WITH RADIOACTIVE PHOSPHORUS 

ByD B ZILVERSMrr, C, ENTENMAN M C. FISHLER, Aim I. L. CHAIKOFF 
(From ike Division of Physiology, Vnvoefsiiy of California Medical School, Berkeley) 
(Received for publication August 24, 1942) 

From the considerations presented m the previous paper (1), it is apparent 
that an exact measure of the turnover of a compound m an organ like kidney 
liver, etc. requires knowledge of the 'specific activity time” relations of (1) 
the compound itself and (2) its precursor For the determination of the 
turnover rate of phospholipid phosphorus of plasma, however, the procedure 
can be greatly simplified, since it is feasible to introduce a small amount of 
plasma containing the labeled compound and measure its disappearance from 
the circulating fluid This procedure makes unnecessary the measurement of 
the specific activity of the immediate precursor, and so the path of formation 
of the compound need not be known The compound, m its labeled form, can 
be either obtained by synthesis in xniro or used as present m plasma removed 
from an animal that has synthesised the labeled compound. The latter 
procedure has the advantage in that the labeled phospholipid introduced is 
of the same type as that present in pla sm a and its physicochemical state is not 
altered by chemical treatment. In other words, the isotopic phospholipid 
whose disappearance Is being measured is chemically indistinguishable from the 
animal's own plasma phospholipid The above principles have been applied 
in the present investigation to determine the rate at which phospholipid phos- 
phorus is turned over in the plasma of the dog 

experimental 

Dogs 1A and 2A served as donors. They received mtraperitoneal injections of 
2 to 3 mflh cones of labeled inorganic phosphate. 26 hours later, blood was removed 
from the dogs heparinized, and plasma separated by centrifugation. 

The turnover of plasma phospholipid was determined In dogs IB 2B and 3B The 
following amounts of blood were removed from these dogs 50 cc. from dog IB 20 cc. 
from dog 2B, and 20 cc. from dog 3B Immediately thereafter 100 cc. of radioactive 
plasma obtained from dog 1A was injected into the femoral vein of dog IB whereas 
dogs 2B and 3B were injected with 70 cc of radioactive plasma obtained from dog 
2A During the next 5 hours eight blood samples were removed from dogs IB, 2B, 
and 3B for the determination of total phospholipid, total P®, and phospholipid P* 3 
Dunng this time, a total of 50 cc. of blood was removed from dogs IB, 2B, and 3B 
After removal of the last blood sample, the three dogs were sacrificed by means of an 
intravenous injection of nembutal Liver, kidney small intestine muscle, and spleen 

333 
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as follows 1 cc. of plasma was transferred dropwise to a centrifuge tube containing 
10 cc. of 10 per cent trichloracetic a ad and the mixture vigorously agitated with a glass 
rod It was allowed to stand for 10 minutes, during which it was thoroughly agitated 
several times to bring the precipitate to a finely suspended state. The mixture was 
then centrifuged for 5 minutes the supernatant fluid decanted, the precipitate washed 
once with 5 cc. of 10 per cent trichloracetic aad and the suspension again centrifuged 
The precipitate was dissolved in a few drops of 10 per cent NaOH and quantitatively 
transferred to a volumetric flask, aliquots were then taken for the determination of 
P * 

The radioactive units expressed as counts per minute for (1) P® content of the 
trichloracetic aad insoluble fraction, (2) the phospholipid P®, and (3) total P® for 
plasma of donor and recipient are recorded in Table I. 

Table I shows a striking agreement between the values for the P® content 
of the trichloracetic aad preapit&te obtained from plasma and the P® content 
of the petroleum ether extract prepared from plasma In order to avoid the 
removal of excessive amounts of blood from dogs IB, 2B, and 3B, the P® 
content of the trichloracetic aad preapitate of plasma was taken as equivalent 
to its phospholipid P* content 

RESULTS 

In the preceding paper the following equation was derived for the disappear 
ance of phospholipid phosphorus from the circulating fluid 



or 



( 2 ) 


in which 

p — rate of disappearance of phospholipid phosphorus from the areola ting fluid 
(this fs assumed to be constant) 

x — the amount of phospholipid P® (counts per minute) present In the orctt 
latlng fluid at any time, 

r — the total amount of phospholipid phosphorus (mg ) present in the circulating 
fluid (this f* also assumed to be constant) 

/ -* the amount (cc.) of circulating fluid in the organism. 


Therefore, ~ gives the counts of phospholipid P® per cm of plasma at any 
time and - i* equal to the turnover time of phospholipid phosphorus in the 

P 
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circulating fluid, while - is a measure of the phosphohpid phosphorus level 

OccO m arCU ^ atin fl 


Since 


, x ( r\ p 

logy = log Ic-J — - Hog e, (3) 

the slope of the straight line (Fig 1) obtained by plotting the log of the P* 2 
values for the trichloracetic acid precipitate per cc of plasma e log 

against time (t — minutes after the injection of plasma) is - log e 



TABLE U 

Values for f, it and p in Plasma 


Dog 

1B 

2B 

3B 

Plasma volume (f) 

Cc 

Per cent of body weight 

535 

6 6 

323 

4 9 

339 

6 0 

Turnover time (/<), hrs 

j 


9 3 

7 2 

7 8 

Turnover rate ( p ), mg phospholipid 
phosphorus 


7 0 

5 2 

1 

8 0 


Turnover Time — Turnover time for phosphohpid phosphorus can be de- 
termined from Fig 1 Thus 

r P 

l t = ~ and from equation (3) the slope of the curve is — y log e, therefore 

log e 0 434 

Slope Slope 

The values for turnover tune for phosphohpid phosphorus of dogs IB, 2B, 
and 3B are shown m Table IT 

Turnover Rate — To determine the turnover rate of phosphohpid phosphorus 
in the circulating fluid it is necessary to know it and the total amount of phos- 
phohpid phosphorus present in the circulating fluid The latter can be ob- 
tained from two measurements, (1) the concentration of the phosphohpid 
phosphorus m the circulating fluid (mg per cc), and (2) the volume of the 
circulating fluid of the dog The amount of the circulating fluid for each dog 
can be determined as follows 

The slopes of the curves in Fig 1 are constant after the 20 minute interval 
















too 


too XO 

MINUTES 

Fig. 1 The logarithm of the counts per cc. of plasma phospholipid phosphorus 
as plotted against tune, o- Dog 1B ©-DoglB • - Dog 3B 

this interval. There is no reason to doubt that a uniform distribution of the 
injected phospholipid phosphorus had occurred at the later intervals. For 
this reason one is justified in extrapolating the straight line curves to "zero- 
time” in order to obtain the number of counts per cc of phospholipid P 33 
that vrould have been present In the circulating fluid if the specific activity of 
the phospholipid phosphorus through all parts of the circulating fluid had been 
the same at "lero-tiroe ” Mathematically, this corresponds to determining 
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l°g (^ C jj Wh e o t— 0, log (c yj = log j Therefore by dividing the number 

of counts of phospholipid P 32 per cc of plasma at ‘ 'zero-time” KL] mto 

the total amount of phospholipid P 32 injected, the volume m which the phos- 
phohpid P 32 has distnbuted itself is obtained 
The values for the volume of circulating fluid (/) are shown in Table II 
These values agree with plasma values obtained m dogs by the dye-injection 
methods (4) So it is reasonable to assume that the injected phospholipid 
is initially mixed only with plasma of the recipient dogs and that the penetra- 
tion of injected phospholipid mto other tissues is a relatively slow process 
The turnover rate of phosphohpid phosphorus (p ) can now be obtained from 
the total amount of phosphohpid phosphorus m the plasma (r) and its turn- 
over time ( t t ) as follows 


P = 


The values for p are recorded m Table II 

DISCUSSION 

Previous studies of the fate of mjected labeled phosphohpid were made by 
Hahn and Hevesy (5) and by Haven and Bale (6) The latter mjected emul- 
sions of labeled phosphohpid extracted from rat tissues and determined its 
disposition m the tissues of the rat Hahn and Hevesy, however, mjected 
plasma containing labeled phosphohpid Although compounds other than 
phosphohpid are mjected mto the animal when plasma is employed, it has 
been shown m this laboratory that these cause no appreciable increase m 
radioactive phosphohpid synthesis m the liver m the interval studied Thus 
2, 540, (MM) radioactive units were mjected into dog IB, of this amount 600,000 
were present in compounds other than phosphohpid It has been shown that 
in 5 hours 0 01 per cent of mjected inorganic P 32 is converted to phosphohpid 
per gm of hver m the dog (7) Of the 14,400 counts of phosphohpid P 32 
found per gm of hver in dog IB, 60 counts were probably synthesized from 
phosphate mjected in forms other than phosphohpid 

The distribution of phosphohpid P 32 in the tissues of the three dogs 5 hours 
after the injection of the labeled plasma is shown m Table HI A large 
fraction (51-58 1 per cent of that mjected) of the phosphohpid P 32 is still present 

1 These values are sufficient to give the turnover time of plasma phosphohpid phos- 
phorus once it has been established that the curves m Fig 1 are straight lrnes Thus 
by substitution in equation (1) 

0 58 = 1 h •= 9 1 for dog IB, 

0 51 =* 1 e~ 5, “, U = 7.5 for dog 2B, 

0 53 >= 1 e -57 '*, 6 = 7 8 for dog 3B, 
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in the plasma at the end of 5 hours. At complete turnover time (t.c after 9 
hours for dog IB, after 7 hours for dog 2B, and after 8 hours for dog 3B) 37 
per cent of the injected phospholipid P° would still be present m the plasma 


TABLE HI 

Distribution oj Phospholipid (PL) in Tissw at Ik * End qf 5 Bouts 




Do* IB 



Do* IB 



Doj IB 


1 

3 

3 

4 

3 

6 

7 

t 

9 

10 


Pc 

cent of 

PLF« 

JS. 

or tin 
*ItC J 

Aooant 
of PLP 

X, 

OTt*n 

p„ 
cent of 

juppBoJ 

pltttn* 
PL per 
hr X 

Pc 
cent of 
Iajocted 
dooe 
PLP® 

Xu 

ones 

eftcr 

5 hr* 

Amount 
of PLP 

«a 

orjm 

Pc 
cent of 
Ot^uS 

enppfled 

,br 

pattu 
PL pc 
hr t 

Pc 

cent of 
InUet«! 
aoK 
PLF« 

•EL 

orjm 
efter 5 
hn. 

Amount 
of PLP 

whoLe 

Pet, 
cent of 
Ot|*n** 

plum* 

PLper 

hr4 

Pliy-ni 

57 7 

"I 

12 2| 


51 4 

11 6J 


H 

■X 

18 5§ 


Liver 

16 2 

255 

1 08 

15 2 

169 

tni 

ii i 

173 

1 09 

Kidney 

0 76 

31 6 

0 41 

1 27 

24 

0 55 

1 13 

28 6 

0 67 

Small late* tine 

— 

— 

— 

2 59 

54 

UJ 

2 44 

68 

0 61 

Spleen 

— 

— 

— 

0 30 

8 2 

0 38 

0.35 

8 5 

0 71 

CdUil 

0 36 

— 

— 

0 35 

— 

— 

1 15 

— 

— 

Muscle 

7 4** 

— 

— 

4 7** 

— 

— 

4 2** 

~ 



* PLP refers, to phospholipid phosphora* 
t Breakdown of phospholipid P® la disregarded. 

\ Mg phospholipid phosphorus per 100 cc. 

(1 Wtihed twice with Ringer'a aoJutfoa. 

** Analysis of gutrocnemfl muscles waa made. Values for whole organ based on muscle 
constituting 40 per cent of body weight. 


This can be shown as follows By substitution of t 


^ In equation (1), 


* — u 1 — 0.3 7 r 
r 

where c « the specific activity of the plasma phospholipid phosphorus at 
f zero- time ” 

Next to plasma, the liver contained the largest amounts of phospholipid P c 
These findings are m agreement with those reported by Hahn and Hevesy 
(5), and by Haven and Bale (6) 

Information about the transport of plasma phospholipid to the different 
organs can be obtained from the data presented here In columns 4, 7, and 10 
of Table HE is shown the percentage of each organ’s phosphobpld that Is 
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supplied per hour by the plasma 2 In the case of the hver, 1 per cent of its 
phosphohpid is obtained directly from plasma phosphohpid per hour In the 
kidney and small mtestme, about 0 5 per cent is so derived In these calcu- 
lations we have chosen to neglect loss of the phospholipid P 32 m the organs 
examined since no reliable data on breakdown or leaving of phosphohpid are 
available The data in Table HI (columns 2, 5, and 8) show that as much as 
76-83 per cent of the injected phosphohpid P K can be accounted for by the 
seven tissues examined in the present investigation These values would 
appear to exclude a rapid breakdown of phosphohpid m the animal 


SUMMARY 

1 A method for the determination of turnover time and turnover rate of 
plasma phosphohpid is presented 

2 Durmg the postabsorptive state 5 2 to 8 0 mg of phosphohpid phosphorus 
are turned over per hour in the plasma of dogs weighing 6-9 kilos 

3 The amount of phosphohpid in an organ that is supphed by plasma phos- 
phohpid per hour is calculated 
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2 Let “g” be the rate of transport of plasma phosphohpid to an organ and “a ,} be 
the number of counts of phosphohpid P !2 present m an organ at tune t Since the 
specific activity of plasma phospholipid phosphorus equals 

* f‘ j, 

- = ce r , a = gee r at 

r J 0 


by integration 


For the liver of dog IB 



412,000 


4710 ~ 

L 1 

0122^ 

1 _ e 834 J 934 


2 76 


x e , 2 76 mg of phospholipid phosphorus enters the hver of dog IB per hour Hence 
the percentage of the hver phosphohpid supphed by plasma phosphohpid = 

2 76 X 100 = j Qg p er cen f- Hevesy and Hahn (8) used a similar approach to calcu- 
255 

late the percentage of plasma phosphohpid transferred from plasma to hver 
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Differential centrifugation m a high speed angle centrifuge has become a 
standard procedure for the purification and concentration of viruses and other 
biological materials of submicroscopic size. The degree of centrifugation 
necessary for a given material has generally been determined by trial, since 
experimental data have not been available which would allow a prediction, with 
any certainty, as to just how particles of known size would behave in an angle 
centrifuge Experimental conditions in the angle centrifuge are quite different 
from those afforded by a sector-shaped ultracentnfuge cell of the Svedberg 
type (1), m which the side walls are directed toward the axis of rotation, so that 
a particle originally near anv one of them continues its own radial migration 
parallel to the surface and without interference with its movement. If a general 
correlation could be established between sedimentation in the angle centrifuge 
and m the ultracentnfuge, which exhibits a discrete and measurable sediments 
tion boundary indicative of the particle size, it would then be possible not only 
to predict the behavior of a known material m the angle centrifuge but to 
estimate an unknown particle size from experimental data. 

For reasons already a ted, it has been impossible to interpret satisfactorily 
certain results obtained with angle centrifuges dunng the course of investigating 
several animal viruses in this laboratory Among the primary observations 
have been the following the presence of residual mfectivity in the supernatant 
fluid of virus suspensions even after prolonged centrifugation (2), the variation 
m the degree of sedimentation obtained under identical experimental conditions 
with different concentrations of the same material (3) the different degrees of 
sedimentation accomplished with equal concentrations of the same material 
centrifuged under conditions which differed only m that one rotor was spun 
m a vacuum and the other in the open air Among other puzzling observations 
which ha've awaited satisfactory explanation has been that of Claude (4), who 
reported the appearance of abnormally sharp boundaries of Limtiltts hemo~ 
cyanm m a high speed electrically driven angle centnfuge spinning in the open 
air It would be expected that the normal diffusion of particles during the 
long centrifugation period required would ha\e caused pronounced blurring 
of the boundary 

With the view of danfymg conceptions of the process by which sedimentn 
341 
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tion is accomplished m angle centrifuges, a systematic investigation of the 
problem was undertaken with rotors spinning both in the open air (5) and in 
a vacuum (2) In order to simulate conditions encountered with biological 
agents of especial interest, i e , the smaller viruses, it was considered advantage- 
ous to use some readily accessible, homogeneous material having a comparable 
particle size 

Malenal and Methods 

The material selected for use in all experiments was the hemocyamn from Lunulus 
polyphemus This large respiratory protein has a molecular weight of several millions 
(6) and, as has been observed during experiments to be described in a subsequent re- 
port, almost all of the protein exists in the form of a component having a sedimenta- 
tion constant of about 57 X 10 -13 cm /sec /unit field in an appropnate buffer solution 
of pH 6 9 or m the native serum when properly handled For most of the work, the 
protem was first purified by several high and low speed centrifugations and then 
suspended in a buffer solution containing 1 per cent NaCl In other cases, the 
native serum was only centrifuged several times at low speed to remove the jelly- 
like material and other coarse particles It was then diluted to the required protem 
concentration by the addition of the buffer solution Concentration, sedimentation 
rate, and the certainty of homogeneity were determined by analysis with a refractive 
index method (7) in the vacuum type ultracentnfuge of Bauer and Pickels (8) Ex- 
periments were performed with solutions having hemocyamn concentration ranging 
from 0 04 to 1 6 per cent 

Similar runs were made with two high speed angle centrifuges, one electrically 
driven and spinning in the open air (5) and the other driven by compressed air (2) 
and spuming m high vacuum In both instances use was made of 20 cm duralumin 
rotors which accommodated transparent celluloid tubes 9 cm in length and 1 3 cm 
in diameter (2) The angles of the tubes for the electrical and vacuum centrifuges 
were 40° and 35°, respectively 

In order that a direct comparison might be made between the behavior of the pro- 
tem in the ultracentnfuge and in the angle centrifuges, the level of the solution m the 
celluloid tubes and m the ultracentnfuge cell was so adjusted that the meniscus during 
centrifugation would m every case be exactly the same distance from the axis of rota- 
tion, namely, 5 9 cm (Text-fig 2) Comparison runs were always performed at the 
same speed, namely, 16,200 ipm, and for the same “equivalent sedimentation time ” 
Determination of the equivalent time mvolved allowances for the different effective 
times of acceleration and deceleration, corrections to compensate for the lowered 
viscosity of the solution in the slightly wanner electrical centrifuge, and adjustments 
for the slower sedimentation m the more concentrated preparations With certain 
special exceptions, routine procedures were followed with the electncal and vacuum 
centrifuges of using normal acceleration times of about 3 minutes and 9 minutes, 
respectively, and deceleration times of 7 minutes and 9 minutes, respectively, with 
deceleration especially gradual just before stopping the centrifuge Just after each 
tube was filled initially to the required level, a column of clear paraffin oil was care- 
fully added above the aqueous surface to give the meniscus better definition, to pre- 
vent evaporation, and for other reasons explained below 
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In the Uglier concentrations of hemocyanin, its blue color permitted the displace- 
ment of a sharp boundary in a transparent celluloid tube to be detected and measured 
visually after the tube had been carefully removed from the rotor and slowly oriented 
to an upright position In order to study more exactly the distribution of concen 
nation, particularly in the dilute solutions all tubes were photographed on a specially 
fitted optical bench To avoid severe refraction of light by the curved surface of the 
tube, it was almost completely immersed in water within a small chamber having 
two flat, pa ral lel glass sides at right angles to the optical path Light was permitted 
to pass through only a 0.5 cm \ ertical section of the tube. A large condensing lens 
and a ground glass screen were employed to provide an even diffuse illumination over 
the full length of the tube. From a mercury arc, monochromatic ultraviolet light of 
3650 A, which is strongly absorbed by hemocyamn was isolated by a filter of nickel 
oxide. A reprojection lens having a focal length of 50 cm was used to mixumixe the 
errors of parallax. 

The magnification in every case was adjusted to such a value that a direct com 
panson m terms of radial distance could be made between the photograph of the 
tube and an absorption photograph of the same material taken in the ultra centnfuge 
after an equivalent time of sedimentation. In other words when the photographs 
were placed side by side with the menisci matching any other two matching levels 
represented equal distances from the axis of rotation, considering the photograph of 
the tube to characteme conditions which existed along its axis just before the end of 
the run This was nearly true since the horizontal angle (with respect to axis of 
rotation) subtended by the tube was small, and although the meniscus or the thin 
layer of solution representing a sharp boundary was vertical and slightly curved in 
the centrifugal field its intersection with the axis of the tube changed only slightly 
when it was reoriented to a horizontal position in the gravitational field. As illus- 
trated in photographs presented in Fig. 1 the meniscus frequently failed, because of 
surface tenricm to reonent itself Into a horizontal position Care was taken on this 
account to photograph tubes in a direction which was tangential with respect to 
their position in the centrifuge. 

Several different photographic exposures were made foT each tube It was deter 
mined experimentally what exposures were necessary to produce equal intensities 
with a dear fluid when the Svedberg absorption method (1) was used in conjunction 
with the ultra centrifuge. Since a cell of 1 cm thickness was employed the total 
absorption by a given solution was roughly the same as when light was directed 
through the same material held in a tube. light passing through the dear cdl layer 
above the solution furnished a com enient reference for judging the presence of light 
absorbing material in the supernatant fluid 

The standard columns of solution m both the electrical and vacuum angle centn 
fuges had lengths corresponding to a radial distance of about 3 4 cm In addition, 
studies were made with shorter columns having a projected radial length of 135 cm., 
which corresponded to the standard column length employed in the analytical ultra 
centnfuge. These shorter columns (nz d Fig 1) with menisci at the standard radial 
distance were prepared by first pladng in the tube a proper amount of a heavy non 
miscible fluid namef> , bromobenzene. Also since theoretical consideration has sug 
gested the Importance of density gradients within the solution in inhibiting com ectn e 
disturbances experiments were performed with long columns of solution in which 
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synthetic density gradients had been provided The gradient was produced by first 
preparing two hemocyanm solutions of exactly the same composition (m terms of 
grams per liter of final solution) except that 8 to 10 per cent sucrose was incorporated 
in one Enough of the latter was placed in the tube to form about half the required 
column Above this was gently added the second solution to the correct level A 
few vertical strokes with a glass rod partially mixed the two fluids, giving a rather 
uneven but usable gradient In figuring the equivalent sedimentation time, allow- 
ance was made for the increased viscosity of the section through which the boundary 
migrated The correction amounted to only a few per cent in all cases 

In order to conduct experiments in w hich the effects of the deceleration forces and 
of any possible thermally activated convection could be differentiated from those 
connected with the sedimentation process, it was necessary to prepare artificial sedi- 
mentation boundanes of hemocyanm ( viz a, Fig 1) These were made with a dear 
buffer solution and a solution of hemocyanm against which it had been dialyzed to 
establish an equilibrium of the salts The dear solution was placed in a celluloid 
tube, and the heavier solution was then slowly added through a long hollow needle 
extending to the bottom of the tube and connected to a syringe exhausted gradually 
by an electrically driven mechanical system (9) Since in most of the sedimentation 
work a centrifugation time equivalent to 135 minutes at 16,200 r p m and room tem- 
perature was employed, the artificial boundanes were made up at distances from the 
meniscus corresponding to the radial level reached by the boundary in the ultracen- 
tnfuge after this time, namely, 6 9 cm (or 1 0 cm from the meniscus, mz l, Fig 1) 

EXPERIMENTAL 

It was found possible to make reasonably sharp artificial sedimentation 
boundanes by the method cited, especially with the higher concentrations of 
protein It was shown experimentally that tubes containing the artificial 
boundanes could be subjected without appreciable effect to all the disturbing 
influences (except rotation of the centrifuge) encountered m handling those 
containing real, sedimented boundanes Blumng of a boundary after the 
tube had stood for 135 minutes within a stationary rotor and had been sub- 
jected to two reonentations between the vertical and mckned positions was 
only slightly- more than that to be expected by reason of the normal diffusion 
process {viz a, Fig 1) 

To test for other disturbances not related to sedimentation, artificial bound- 
anes which had stood for 135 minutes were run to the same speed of 16,200 
rt> m used for the sedimentation experiments, they were then immediately 
decelerated according to normal procedure Sedimentation under these condi- 
tions could not ha^ e been appreciable Some of the results are illustrated in 
Fig 1 With 0 8 per cent solutions, no alteration of the boundary was noted 
m either long or short columns run m the vacuum centrifuge (viz f) In the 
electrical the boundary remained sharp and was displaced away from the 
meniscus m short columns (viz d) In long columns, it was displaced with 
considerable blumng toward the meniscus (viz e) When concentrations of 
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0.2 per cent 'were used, mixing was complete with both long and short tubes 
m the electrical centrifuge (ns b), while in the vacuum type the boundary was 
not completely eradicated but suffered a great deal of spreading, even into the 
region of the meniscus (vxz c) Taking the electrical centrifuge to and from 
a speed of only 1000 OiL caused only partial mixing, roughly comparable to 
that m tube c, Fig 1 

With one exception, runs in both angle centrifuges at 16 200 R.P.u for an 
equivalent time of 135 minutes showed no detectable boundaries with a con- 
centration of 0 04 per cent although a faint one was visible m photographs 
taken with the ultra centrifuge When a concentration gradient of sucrose was 
employed m connection with the vacuum centnfuge, a small gradation in the 
concentration of protein could be vaguely discerned With the concentration 
increased to 0 12 per cent in the same centrifuge, better clearing (mz s, Fig 2) 
of the solution was obtained, without boundary formation Boundaries were 
barely discernible with contents of 0.2 per cent and still widely spread when the 
value was increased to 0 .36 per cent (viz m, Fig 1) At 0 8 per cent, fairly 
well defined boundaries were had With the latter concentration boundaries 
in short columns of fluid were found to be displaced a shorter distance from the 
meniscus than were those in long columns The same was true of boundaries 
formed in the same material when run in the electrical centrifuge (mz o and p 
Fig 1) Using a very gradual deceleration (2 hours) improved the definition 
of weak boundaries slightly As illustrated by it, Fig 1, and /, Fig 2, a con 
siderable improvement was given by the use of a synthetic density gradient. 

In the electrical centrifuge, there was no trace of a boundary and no grad a 
lion of concentration in long columns with protein concentrations of 0 12, 
0.2 and 0.36 per cent (mi ], Fig 1 and v Fig 2) There was little, if any, 
separation of protein from the body of the fluid With the highest of these 
concentrations contained in short columns, some clearing of the fluid was noted 
The addition of a sucrose gradient to long columns Identical to those above 
made possible the attainment of measurable boundaries in all cases (pis k, 
Fig 1, and w y Fig 2) Without the synthetic gradient, concentrations of the 
order of 0.8 per cent were required to obtain boundaries (ms g and P, Fig 1) 
Even when the centrifugation time was doubled and the boundary in such a 
preparation allowed to approach the bottom of the tube, it continued to remain 
abnormally sharp (t»* r g) However the concentration of protein in the 
supernatant fluid increased (compare p) When sucrose gradients were added 
to long columns of 1 08 per cent pro tern the amount of hemocyanm residing 
in the supernatant fluid decreased considerably (ms h and *) 

In general with the electrical centrifuge, boundaries without sucrose were 
either very sharp or non-existent, depending on the concentration of protein. 
There was a uniform distribution of protein below the boundary, as well as w 
the supernatant, where the concentration increased with the centrifugation 
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time Obviously, some process was continually active throughout centrifuga- 
tion maintaining the shatpness of the boundary In the vacu um centnfuge, 
boundaries became better defined with increasing concentration, and simultane- 
ously a pronounced gradient in concentration from the boundary to the bottom 
of the tube became evident Supernatant fluids were practically free of 
protein 

In view of the experimental evidence cited, the absence of definition with 
boundaries of low concentration in the vacuum centnfuge could be explamed 
by disturbances encountered during deceleration and were not necessarily 
connected with the sedimentation process With both centrifuges, sucrose 
gradients caused improvement m every instance Low concentrations in the 
vacuum centrifuge were made to behave more nearly like higher concentrations 
without sucrose In the electrical centnfuge, the results of the sedimentation 
process were altered radically and made to resemble more closely those ob- 
tained with the vacuum centnfuge Only a small proportion of the effect 
could have been accounted for by the slightly increased viscosity of the graded 
sucrose solutions 

As shown in Test-fig 1, all boundary displacements which could be meas- 
ured were plotted against the equivalent time of centrifugation Because of 
the low light absorption and for other reasons already cited, values for the 
lower concentrations can be regarded only as veiy rough approximations 
Within experimental error, the plotted displacements are equal to or greater 
than those which would have been obtained if the boundaries had progressed 
away from the axis of rotation at the same rate, measured radially ( radial 
curve), as they would have m the analytical ultracentrifuge The displace- 
ments were less than if the boundaries had progressed m a certain ideal manner 
{ideal curve) which will be discussed below 

Some experiments were also earned out in the ultracentnfuge with the cell 
turned, m a plane perpendicular to the axis of rotation, about 65° from its 
normal position In a rough way this arrangement simulated conditions 
existing m an angle centnfuge Comparative runs were made with the cell 
onented normally, the amount of fluid being so adjusted that the meniscus was 
situated at the same radial level Typical results are illustrated by the re- 
fractive index photographs of Fig 3 and the absorption pictures of Fig 2, 
which show, respectively, the distribution of concentration gradient and of the 
concentration itself m paued experiments made under identical conditions 
The serial absorption photographs q and r (Fig 2) were taken of 0 36 per cent 
hemocyamn solution at corresponding centrifugation times Those taken with 
the tilted cell (r) show abnormal and progressive alterations of the concentra- 
tion, being m the direction of decrease just below the boundary and increase 
m the lower quarter of the column Refractive index photographs C and D 
(Fig 3) correspond to the fourth pictures in sets q and r (Fig 2), respectively 
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Text Fio 1 Experimental results obtained with various concentrations of hemo- 
cyarun compared with results which would be obtained if sedimentation took place 
as in an ultracentxifuge (radial sedimentation curve) or, as would be expected in an 
ideal case (Ideal sedimentation carve) for which sedimentation near the tube wall is 
folly effective. Synthetic density gradients made with sucrose were used where its 
presence is indicated. 
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diffusible, sedimenting in a centrifuge which is entirely free from convectrv e 
disturbances Initially, every particle suffers a displacement proportional to 
and in direction of the applied centrifugal field at the respective starting point 
The particle would continue to move in tins direction alone if it were not 
influenced by other factors Those particles originally at the meniscus do 
continue the radial movement and form a sedimenting boundary The initial 
radial movement of the particles near the walls causes a clearing of the fluid 
along the inner surface and a deposition of particles against the outer wall 
Because of increasing centrifugal force with radial distance, the thickness of 
the initial cleared layer and the amount of deposition will be greatest m the 
bottom sections of the tube. Within the body of the uncleared fluid itself, 
the divergent movement of the particles causes the concentration to decrease 
slightly with time, but at a rate which is uniform throughout so that homo- 
geneity continues to exist m this region. 

Such a system will continually attempt to adjust itself to the most stable 
state possible Any element of fluid which has its density changed from that 
of its surroundings will seek a new radial level where the density is equal to its 
own In accordance with this principle, there is established along the inner 
wall an ascending layer of clear fluid which rises just above the boundary into 
the supernatant fluid The volume of the supernatant fluid is thus increased 
and the boundary displaced more rapidly than the particles within the bound 
ary actually sediment through the fluid By a process of integration applied 
along the inner surface of a given tube for all positions of the boundary, the 
oretical curves for an ideal material can be constructed which show the progres- 
sion of a boundary as related to the normal sedimentation of the material in an 
ultracentnfuge. Curves of this type, based on a normal sedimentation rate 
equal to that of Ltmulus hemocyanm, have been determined for the full length 
column* of fluid used in the present studies They are represented in Text 
fig 1 as "ideal” curves. Theoretically, the divergence between the radial and 
ideal curves should increase with increasing tube length and decrease with 
mcrees mg diameter Qualitatively, the dependence on column length was 
verified by experiments which have been described Up to a certain limit, 
depending on the dimensions of the tube, the divergence decreases as the angle 
between the axis of the tube and the radius of the rotor is increased 

After the motion of the ascending stream has become established the layer 
actually increases in width from the bottom of the tube to the boundary since 
sedimentation, continues as the elements of fluid nse. The movement is op- 
posed only by the viscous drag against the walls and against the body of the 
fluid The same applies to the layer of particles deposited against the outside 
walk Consequently, the most rapid movement occur* a small distance from 
the walls, and the body of the fluid below the boundary is made to exhibit a 
counterclockwise circulating motion by the action of these counteropposite 
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flows Immediately adjacent to the wall surfaces may be assumed to exist a 
very thin layer of bound fluid Particles deposited withip this layer can move 
along the wall at only an infi nitely low rate because of the enormous frictional 
drag As the material accumulates the newly arriving particles can move 
toward the bottom of the tube more easily In tubes inclined at small angles 
to the axis of rotation the component of force holding the particles against 
the wall is very large m comparison with that tending to move them, and it is 
not surprising that a “sti ckin g” of large particles to the outer wall is frequently 
observed in such centrifuges As will be shown below, the effect for real 
particles subject to Brownian movements is more pronounced m high speed 
centrifuges than in low speed ones run sufficiently long to give a theoretically 
equivalent sedimentation 

Ideal sedimentation in the angle centrifuge does not occur with small 
particles, smce they are subject to the forces of diffusion There is backward 
diffusion of those particles collecting within the outer layer of bound fluid into 
the descending layer and from the body of the fluid into the ascending layer 
The latter is not cleared completely as with ideal particles but is only diminished 
somewhat in concentration Material is not deposited m a semisohd layer that 
sbdes down the outer wall but increases the concentration within an adjacent 
layer of fluid which then descends Because of diffusion there is a gradient 
of concentration across the descending layer, and the different portions attempt 
to settle to levels of corresponding densities within the body of the fluid At 
first a gradient of concentration is formed only at the bottom of the cell, but 
as the process continues each section of the gradient zone is expanded until a 
good portion of the column’s height may be involved The actual deposition 
of material takes place only near the bottom of the tube 

As regards the effect on the boundary movement, it can be said that the 
behavior of large particles m a high centrifugal field will naturally approach 
that of ideal particles When the diffusion rate is at all appreciable in com- 
parison to the sedimentation rate, the boundary will be displaced less rapidly 
However, the boundary may be expected to progress faster in very dilute 
solutions than in concentrated ones, as reference to the schematic drawings of 
Text-fig 3 will show These represent the hypothetical distribution of con- 
centration near some point along the inside wall of the tube, such as at A, 
Text-fig 2 For the ascending layer to rise at some given average rate, a cer- 
tain difference in average density is required to be maintained between the 
layer and the body of the fluid In the present instance this difference is 
assumed to be equivalent to a difference m protem concentration of 0 1 per 
cent With a low concentration of material (hypothetical 0 23 per cent), 
considerable migration away from the wall is necessary to establish the required 
difference By the time the fluid now at A reaches the region of the boundary, 
which itself is diffuse, it may be almost cleared of protem and will seek the 
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upper edge of the boundary The fluid now at C may be of the proper density 
to seek the central section of the boundary, with that at B rising to an inter- 
mediate level Through the action of the ascending layer the slower portion 
of the boundary thus becomes more widely spread and the center of the 
boundary, or region of steepest concentration gradient, suffers a small addi- 
tional displacement downward 

With a higher concentration (hypothetical 1 per cent), the same density 
difference (equivalent of 0 1 per cent protein) is reached much sooner, while 
the concentration at A is still not greatly different, proportionately, from that 
within the mam body of the fluid The ascending layer rises more rapidly 
than with the lower concentration, and most of the fluid, especially that now 
at B and C, seeks levels within the faster section of the diffuse boundary 
There is little, if any, additional displacement of the boundary, but the leading 
edge of the boundary is progressively widened until a fair concentration gradient 
extends completely to the bottom of the tube 

It is interesting to consider the case m which a material (I (Text-fig 3) of low 
concentration and high sedimentation rate is centrifuged simultaneously with 
a smaller, more concentrated protem a A suspension of virus particles in a 
solution of serum albumin might furnish such an example Two sedimentation 
boundaries will be formed, and if they could proceed according to normal 
sedimentation, they would m time become well separated with entirely indis- 
tinguishable amounts of protem being found m the vicinity of the diffuse 
a boundary However, m the early stages of centrifugation, there is consider- 
able overlappmg of the two boundaries by reason of the fact that the rate at 
which a boundary diffuses or spreads is proportional to the square root of the 
time, m contrast to a hnear relationship for the displacement by sedimentation 
Because of the continual removal of partially cleared fluid by the ascending 
layer, this condition of overlappmg is perpetuated, in a sense, along the inner 
wall of the tube In the diagram at the right of Text-fig 3 it can be seen that 
the levels of comparative density which will be sought by the fluid now between 
A and B correspond to positions within or near the boundary of protem a 
An appreciable quantity of is carried along by this fluid into regions where it 
would not otherwise be expected Of course, if a has an extremely low sedi- 
mentation rate, the corresponding ascension to the region of diminished con- 
centration will occur so slowly that almost all of the large, more rapidly moving 
parades will have time to migrate out of the ascendmg layer before it has 
progressed appreciably above the h boundary 

Neglecting the effects of convective disturbances, the imposition of a syn- 
thetic density gradient upon a solution or suspension of particles should cause 
the boundary movement to approach more nearly that exhibited m the ultra- 
centnfuge As an elemental volume within the ascendmg layer is partially 
or completely cleared of sedimentable material, it has to move only a relatively 
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short distance, depending on the strength of the gradient, before it reaches a 
region of comparable concentration 

Theoretical Considerations of Convectxve Disturbances — Even with angle 
centnfuges of the vacuum type, m which conditions are ideal as regards the 
absence of temperature disturbances, some remixing of partially sedimented 
material occurs during deceleration, as was shown experimentally This is 
caused by the tendency of the fluid to continue the rotation The liquid near 
the outer walls is decelerated at a more rapid rate, in linear measure, than that 
closer to the axis of rotation Across the fluid along the radius exists a gradient 
of tangential decelerating forces which causes a torque to be exerted on the 
fluid Thus a circulation is established in the same direction as the direction 
of the centrifuge’s rotation The viscous drag against the walls helps to slow 
down the circulation, but onh an appropriate density gradient establishing 
a countering torque can prevent it This torque is due to the tendency of the 
denser elements to remain near the outer wall of the tube. The magnitude 
of these forces which arc opposed to the circulation is directly proportional to 
the centrifugal force, whereas the forces prompting circulation are directly 
proportional to the rate of deceleration Hence it is important to decelerate 
a centrifuge especially slowly just before It stops, when the centrifugal force is 
very small The action of a synthetic density gradient m minimising stirring 
13 immediately apparent. Incidentally, the gradient due to hydrostatic com- 
pression of the fluid offers appreciable assistance m reducing convective dis- 
turbances only in very high centrifugal fields (13) It can be shown that even 
then the only type of convection which can be completely inhibited is that 
which would otherwise be caused by a temperature gradient directed exactly 
parallel to the centrifugal field 

A centrifuge such os the electrically driven one (5) used in the present studies 
which spins in the open air or in any other gas is subjected to the frictional 
resistance of the gas, causing a generation of heat which must be dissipated 
into the same medium. The surface consequently tends to warm up to a cer 
tain equilibrium temperature which is higher for a more rapidly moving surface 
As a result heat will be transferred from the outer to the slower moving inner 
sections of a rotor, and a temperature gradient toward the outer sections will 
be maintained 

Referring to Text fig 4 which represents a section of a centrifuge tube, con 
sidcr as a simplification that the temperature gradient is parallel to the centn 
fugal force. An elemental volume of fluid in the outer portions of the tube, 
for example, is thus warmer and consequently less dense than the neighboring 
fluid located closer to the axis of rotation This elemental volume tends to 
seek a new level nearer the axis of rotation where the density of the fluid is 
more comparable to its own This tendency can be quite appreciable even 
with very small temperature gradients, since the buoyancy forces increase 
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directly with the value of the centrifugal force The attempt of the fluid to 
reach a more stable state generally results in a circulating flow or convection 
In the case of a water-filled ultracentnfuge cell with an imposed radial tempera- 
ture gradient, the fluid would rise along the side walls and return with lowered 



Text-Fig 4 Section of an inclined centrifuge tube illustrating how, during oper- 
ation of an angle centrifuge spinning in the open air, convection currents above and 
below the boundary keep it abnormally sharp 

temperature down the central portion of the cell With an inclined cylindrical 
tube conta inin g fluid in which a sedimenting boundary is present it is difficult 
to predict either the exact flow pattern or the distribution of temperature 
throughout the fluid although the temperature variation along the walls be 
known However, the schematic drawing of Text-fig 4 may be used for pur- 
poses of argument 

Across a sedimenting boundary there is a comparatively rapid change of 
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id density with radial distance by reason of the gradient of solute concentra 
n Below the boundary, for example, any elemental volume of fluid seeking 
lew level of slightly different fluid density will find it necessary to nse only 
the outer edge of the boundary if the concentration of sedimenting material 
mfficiently high It can be Been, as indicated m the drawing that separate 
collating flows are set up above and below the boundary Whenever the 
icentration gradient at either edge of the boundary reaches a certain mini 
im value, when the difference between the density of circulating fluid 
or the boundary and the density of an adjacent layer within the boundary 
iches a certain minimum value, the respective layer becomes incorporated 
the circulation Thus the boundary is kept abnormally sharp The steep 
ncentration gradients within the boundary orient themselves so as to furnish 
counter torque which prevents stirring that otherwise would be initiated 
thin the boundary through the action of temperature gradients and shearing 
"ces Since there is a steep gradient of concentration through the boundary 
pon, there will be a continuous and relatively rapid diffusion of partides 
ro53 the boundary into the less concentrated region The convection cur 
its above and below the boundary maintain uniform distributions of con 
ntration in these regions 

Within the boundary rone the radial sedimentation of partides proceeds 
rmally, and thus the boundary rone, the zone of high concentration gradient, 
made to progress along the tube. However, its rate will not be characteristic 
a normal radial sedimentation because of factors related to the accelerated 
ffusion across the boundary The activity or strength of the circulating flow 
either side of the boundary is determined in considerable degree by the 
ight of the respective column of fluid Because of the restraining action of 
e bounding surfaces and the increased Interference offered by the counter 
iw, convection is reduced in short or narrow columns. For example, when 
boundary readies the lower section of a tube, the convection is more active 
ove and less active below Particles then diffusing across AB (Text fig 4) 
to the boundary rone are not so readily replaced on the left of AB by the 
rculation, and the concentration in the vicimt> of AB is decreased The 
fluence of this decrease is transmitted through the boundary, lowering the 
ncentration at every point. When the gradient at CD is decreased below 
e threshold value by lowering of concentration within the boundary rone, 
e fluid there (near CD) 15 then able to join the circulating flow above the 
nrndary With this process in continuous operation the net result is an 
Iditional progressive displacement of the boundary along the tube. By a 
Dollar argument it can be shown that theoretically, as was actually observed 
penmen tally, a boundary near the meniscus can be displaced toward the 
eruscus. However, in actual centrifugations this action appears to be sub- 
led since observed rates have always been greater than the value for normal, 


356 


SEDIMENTATION IN THE ANGLE CENTEXFUGE 


radial sedimentation This is possibly explained by the fact that whereas 
convection in the supernatant is comparatively uninhibited, interference 
below the boundary is offered by the directly opposing motion of the ascending 
and descending layers established by the sedimentation of particles close to 
the walls 

A certain gradient of concentration must be maintained within the boundaiy 
zone to prevent a smgle circulatory system from being established for the whole 
column With a very low concentration of material, the distance between 
AB and CD , i e , the width of the boundary zone, must then become very small 
Smce the gradient is kept at a minimum value, the same number of particles 
can be transported per second as with higher concentrations, but, because of 
the smaller total number of particles concerned, equal concentrations will be 
quickly established on both sides of the boundary, and the boundaiy will vanish 

Where thermal convection is present, with or without boundaiy formation, 
sedimen ation continues to take place but is theoretically never complete 
The more pronounced the convection and the lower the concentration of 
material, the slower the deposition of sediment at the bottom of the tube 
Particles migrate toward the layer of bound fluid along the outer wall, and 
those which do not diffuse back into the circulating fluid form aggregates or a 
denser layer of solution which is able eventually to reach the bottom of the 
tube As a first approximation sedimentation will be more or less logarithmic, 
durmg any given mterva’ of time a certain fixed proportion of the particles still 
circulating within the fluid at that time will be deposited Concentration 
gradients are so steep in the vicinity of the sediment that little remixing into 
the fluid occurs 

Thermal convection can be prevented by imposing on the solution a synthetic 
density gradient of some non-sedimentable material The strength of the 
gradient should be sufficient to counteract completely the opposing density 
gradient set up by the variation of temperature through the fluid 

Discussion of Practical Aspects — From an investigation of a given material 
with an angle centrifuge, it is hazardous to draw any conclusions regarding 
normal sedimentation rate, particle size, or homogeneity unless the existence 
of a sedimentation boundary has been demonstrated For small tubes (1 5 
cm diameter or less) m a properly operated centrifuge of the vacuum type, a 
very approximate semiempirical relationship could be derived for determining 
the amount of sediment m terms of normal sedimentation rate, provided the 
concentration of material were known to exceed a few tenths of 1 per cent 
However, a method based on measuring the displacement of a boundary has 
certain important advantages and is more general in its application It has 
been shown that tubes can be removed from a centrifuge, reoriented, and 
sampled or photographed without greatly altering a boundaiy Stirring durmg 
deceleration is more senous but can be rendered inconsequential by decelerating 
slowly just before stopping the centrifuge and by providing a sufficient opposing 
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density gradient, either synthetically or by the use of relatively concentrated 
material 

From consideration of both expen men t and theory, it can be said that the 
rate (measured radially) at which a boundary will migrate away from the axis 
of rotation m an angle centrifuge of the vacuum type is equal to or somewhat 
greater than the normal rate as measured in an ultra centrifuge For tubes of 
ordinary dimensions the actual rate should never exceed the normal rate by a 
factor of as much as 2 The same generalities apply to centrifuges spinning in 
the open air, but they must be regarded with less certainty because of the 
thermal convection currents of unpredictable nature which have been expen 
mentallv demonstrated m such cases For efficient separation in centrifuges 
of the latter type, tubes of the smallest practical bore should be used, although 
some compromise with capacity may be necessary 

A boundary, t.e , the region where there is a relatively abrupt change in the 
concentration, may be located by optical means or by other tests made on 
samples taken carefully from the tube at different levels (3) A supernatant 
fluid relatively free of the material under study and a marked gradient of con 
centration between the boundary and the bottom of the tube are characteristic 
of optimum sedimentation in an angle centrifuge However, there is ample 
physical basis to explain the presence of small amounts of a homogeneous 
material in the supernatant fluid Although it may be impossible to reach 
definite conclusions regarding the relative particle size of such residual material, 
inferences perhaps can be drawn if results ore compared with new determma 
tions made after m corpora ting all the refinements which have been discussed 

1! thermal convection has been very active, a uniform distribution of material 
will be found above the boundary and also m a higher concentration below the 
boundary The boundary may be abnormally sharp Incidentally, phenom- 
ena studied in the present work can be used to test, by a simple procedure, for 
possible thermal convection in the ultra centnfuge cell (10) In the first place 
unusually sharp boundaries should always be regarded with suspicion If a 
slight misalignment of the cell from its normal position does not cause an 
additional concentration gradient to be introduced below the boundary it 
may be concluded that convection is present. 

In designing angle centrifuges for purely preparative purposes one is usually 
interested in attaining the maximum possible efficiency, which may be defined 
as the ratio between the volume of fluid cleared and the equivalent time re- 
quired at speed Allowances ore made for the time of acceleration and de- 
celeration in figuring the equivalent time As an approximation the efficiency 
may be considered as proportional to the product of the average centrifugal 
force, the total capacity of the centnfuge, and the reciprocal of the projected 
distance, measured radially, between the surface of the fluid and the outer 
edge of the tubes Greatest efficiency with diffusible material can be realized 
with tubes onented at small angles (10-20°) to the axis of rotation Centn 
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fuges with such tubes have been described by Masket (11), and a theoretical 
treatment of the stresses developed has shown them capable of high speeds in 
spite of large numbers of tube holes (12) However, small angles are not 
suitable for general clarification work with large non-diffusing particles, which 
will collect along the wall of the tube Furthermore, special arrangements (11) 
to prevent overflow must be provided, or else space is wasted and tubes collapse 
easily, also the precision with which a boundary can be located is probably 
lower with small angles 

When a centrifuge is to be employed for general purposes, including rough 
analysis or rapid clarification, angles near 35° and tubes of 1 3 cm bore have 
been found to represent a satisfactory compromise between efficiency and other 
factors If particles of molecular weight below 100,000 are to be studied, 
centrifugal forces of at least 200,000 gravity should be employed in order that 
the boundary may clear the meniscus within a reasonable time (3, 12) 

Convective disturbances of all types can be almost completely eliminated by 
imposing upon the liquid under study a synthetic gradient of sucrose or some 
other material of low molecular weight In the present investigation, the 
gradients were prepared in a very rough uncertain manner and perhaps in- 
adequately in some cases It is believed that a great improvement might be 
had by preparing several samples of the material, each incorporating a few per 
cent more of sucrose, for example These could be introduced into the tube 
at the bottom, starting with the least dense, and the tube allowed to stand for 
a time to permit a relatively uniform gradient to be estabhshed by diffusion 
With a well formed and sufficiently steep gradient the boundary of a homo- 
geneous material should progress at very nearly the normal (ultracentnfugal) 
rate, measured radially Of course, the mcreased viscosity of the fluid over the 
section traveled must be taken into account and can be determined by meas- 
urements upon samples taken after the run Furthermore, the technique can 
be applied to preparative procedures which have produced unsatisfactory con- 
centration of a particular biological agent, for example 

Where convection has been minimiz ed the following approximate formula 
can be used either for roughly estimating the particle size, assuming no extreme 
deviation from a spherical shape, or for approximating the time required to 
complete a sedimentation of nearly spherical particles whose physical properties 
are known 

r - 54 (tr!)Gv^) 

where S is the rotational speed m R p m , L is the radial distance m centimeters 
from the meniscus to the axis of rotation, D is the radial distance from the 
boundary (or outer edge of tube for complete sedimentation) to the axis, T 
is the tune m minutes, p and <r are the densities in grams per cubic centimeter 
of the medium and the particles, respectively, v is the viscosity of the fluid in 
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poises, d is the average diameter of the particle m centimeters If 9 13 the 
angle between the tube and the axis of rotation, then for a boundary displaced 
X cm. along the tube from the mimscus, D » X sin 8 As an approximation 
of average conditions with aqueous solutions the formula can be reduced to 



where the viscosity has been taken as 0 01 poise and the fluid and particle 
densities as 1 and 1 J3 gm. per cc., respectively 

SUMMARY 

1 Using hem ocyan in from Limtdus Polyphemus as a test material, the process 
of sedimentation m the angle centnfuge, operating both in vacuum and m the 
open air, has been investigated. 

2 Sedimentation in a given field of force was found less efficient when 
centrifugation was conducted m the open air, because of thermal convection 

3 Correlations have been made with results obtained in the analytical 
ultracentnfuge, and a theory of sedimentation in inclined tubes has been 
presented to explain the experimental results 

4 It has been shown that under proper conditions the angle centrifuge may 
be used for approximate determinations of particle size 

5 Recommendations, based mostly on experimental evidence, have been 
made for improving sedimentation and interpreting results 

6 To counteract convective disturbances of either thermal or inertial origin, 
a satisfactory method has been developed which consists of furnishing the fluid 
under study with a synthetic density gradient, formed with sucrose or some 
other non-sedimentable material. 
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EXPLANATION OF PLATES 
Plate 1 

Fig 1 Pictures a to/ illustrate the effect on artificial boundaries of Limultts hemo- 
cyanin of acceleration to and immediate deceleration from 16,200 r.p.m All boun- 
daries were made to the same level as that of unspun sample a and allowed to stand 
for 135 minutes Pictures g to p show the results of centrifugation at the above speed 
in angle centrifuges, except for l, which was obtained with the analytical ultracentn- 
fuge Equivalent centrifuge time li to p, 135 minutes, g, 270 minutes Vacuum 
centrifuge c, f, in, it, others m open-air centrifuge Concentration of 0 2 per cent, 
a, b, c, 0 8 per cent, d, e, f, g, o, p, 0 36 per cent, j, k, l, in, it, 1 8 per cent h and i 
Pictures t, k, and n illustrate improvement of boundaries by addition of synthetic 
density gradient In the photographic negatives the boundary of o appears blurred 
with the average position close to level indicated 
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Plate 2 


Fig 2 Serial absorption photographs ( q and r) comparing the sedimentation of 
0 36 per cent hemocyanin in a normally oriented ultracentrifuge cell ( q ) with that in 
the same cell after a 65° misalignment ( r ) Pictures s to w represent experiments 
similar to those of Fig 1, except that the concentration is only 0 12 per cent Vacuum 
centrifuge, s and l, open-air tvpe, v and w Synthetic density gradient of sucrose was 
pro\ ided in t and uu 
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(Pickd* Sedimentation in the angle centrifuge) 




Plate 3 


Fig 3 Photographs taken by a refractive index method and show ing sedimenta- 
:ion at corresponding times m normal (A, C) and misaligned ( B , D) ultracentrifuge 
:ells C and D correspond to the fourth pictures in sets q and r, respectively, of Fig 
’ The concentration of hemocyanin in cases A and B was only 0 04 per cent 
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DERIVED PHOTOSENSITIVE PIGMENTS FROM 
INVERTEBRATE EYES 

By ALFRED F BUSS 

{From the Labor alary of Biophysics, Columbia University, New York) 

(Received for publication, October 29, 1942) 

Although most animals and plants are photosensitive, chemical data about 
visual pigments are restricted almost entirely to the visual purples of verte- 
brates (For a recent review, see Hecht, 1942 ) These substances are 
bleached by light and regenerate m the dark Their absorption spectra cor 
respond to the spectral luminosity function of the organisms (Koenig, 1894, 
Hecht, 1937, Wald 1937) 

Many invertebrates possess excellent eyes, some, like the squid, have eyes 
which contain all the important features of the vertebrate eye, including a 
retina composed of rod like cells containing a dear red pigment and migratory 
black pigment granules It is natural to extend the analogy of the vertebrate 
eye to the red pigment of the cephalopod retina by assuming it to be alight 
sensitive pigment like the vertebrate visual purple. 

Kxukenberg (1882) challenged this analogy in his report that light has no 
effect on the squid pigment His observation has been confirmed by Wald 
(1941) and others, but was rejected by Hess (1905) on the ground that the 
melanin m the Intact retina masks the bleaching This difficulty, according 
to Hess, could be avoided by inducing opacity of the retina with formalin 

Re-exammation of this problem showed that both positions are correct. 
Following Hess’ procedure, a dark adapted squid retina was cut in half and 
immersed in 10 per cent formalin No change occurred in the portion kept 
several hours m the dark, but it was astonishing to note that the part brought 
into the rays of the microscope lamp bleached m less than 5 minutes from 
bnght red to dull gray Obviously formalin had rendered the pigment 
photosensitive 

The red pigment may be brought into solution by means of saponin Two 
retinas from a large squid are placed in 4 cc. of 4 per cent saponin solution 
After 4 to 8 hours the insoluble residue is removed by centrifugation and the 
brownish red supernatant removed for study The solution behaves like the 
original retina. If it is fllummated for 1 hour bj a 100 watt projection bulb 
at a distance of 6 inches through a water filter, no change in its color or photo- 
metric density can be detected If however, formalin is first added to make a 
concentration of 10 per cent, the same light causes an unmistakable bleaching 

Essentially the same results are obtained if another denaturant, like 10 per 
cent ethj I alcohol, is used instead of formalin The solution decolors on ex 
posure to light. 
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The quantitative changes which these solutions undergo m the visible 
spectrum have been studied by means of a photoelectric spectrophotometer 
The apparatus includes a monochromator, the light from which passes through 
a 1 cm double cell mounted on a shuttle, and impmges on a rubidium photocell 
A one stage amplifier is controlled by a potentiometer reading directly in per 



density spectra before and after bleaching of an extract of a squid retina m 2 cc 4 
per cent saponin brought to 10 per cent ethanol, while the continuous line show's the 
10 times density difference spectrum due to illumination of the same solution In B 
is given Piper's curve for spectral sensitivity of Eledone, recalculated for equal energy 
spectrum and equal response 

cent transmission Results are expressed as photometric density according 

to the equation D — log il incident/ 1 transmitted) 

Measurements are made in accordance with either of two procedures If 
the density of the experimental solution is desired, it is placed m one side of 
the cell, and the solvent in the other If the effect of hght is to be determined, 
the blank contains the same solution as the experimental This method has 
the virtue of cancelling out changes not due to hght, and permits accurate 
measurement of changes m regions of high density 

Fig 1A shows the absorption spectrum of one such saponin solution contain- 
ing 10 per cent alcohol before and after its exposure to hght, as well as the 
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difference between the two due to the bleaching action of the light. The 
difference spectrum is an approximately symmetrical curve whose maximum 
is at 480 mp The eatne maximum occurs with formalin treated solutions 

It is significant that the absorption curve of the artificially rendered photo- 
sensitive material is similar to the spectral sensitivity of the squid's eye. 
The best available data are those of Piper (1904) who measured the magnitude 
of the retinal electric response given by EUdone moschaia m the spectrum of a 
Nemst lamp Data of this type do not constitute a sensitivity curve because 
of unequal energj distribution of the Nemst lamp spectrum, and the lack 
of knowledge of the relation between response and energy However, a 
rough approximation may be made first by correcting the data in terms of 
PflQger'a (1902) measurements of the spectral energy curve of a Nemst lamp , 
and second, by using Chaffee and Hampson's (1924) formulation of the rela 
tlon of the frog retinal response to energy at low levels of response This 
states that R ~ (/) in a, where I is the relative energy of the Nemst lamp at a 
given wavelength, and a is the spectral sensitivity The spectral sensitivity 
curve computed in this way is m Fig IB and shows a rough a g re em ent with 
the bleaching spectrum in Fig 1A. Closer agreement should not be looked for 
until the spectral sensitivity of the squid eye is measured in terms of the energy 
required for equal response m the spectrum. 

The squid is not unique in the possession of a pigment which becomes light 
sensitive after formalin treatment So far I have examined only the blue 
soft shelled crab CaUxnecUs hasiaius, and the horseshoe crab, Ltmulits , in 
spite of their taxonomic distance from the squid they contain similar pigments 
which become light sensitive on treatment with formalin. The data are 
shown in Fig 2 

The response of an extract depends somewhat on the treatment. Thus, 
the prolonged bleaching of the formohzed pigment of the crab results m a 
secondary maximum at about 590 mp, as shown in Fig 3 Another anomaly 
is shown by extracts of dried squid retinas, in which bleaching is maximal at 
455 mp One extract of fresh squid eyes showed an Interesting resemblance 
to vertebrate visual purple in that after bleaching it regenerated In the dark to 
within 50 per cent of its original concentration. 

These formalin-sensitized light sensitive pigments should not be confused 
with the melanin like pigments found in insects and also in the squid Thus 
the red screening pigment in the retinal sheath cells of Drosophila , when treated 
with formalin does not bleach in light and neither does the melanold pigment 
from the squid eye 

Escher Desrivieres, Lederer, and Vemer (1938) have purified such a red 
pigment ex traced from squid retinas by dilute alkali. Examination of retinas 
treated in this manner shows dearlj that the great mass of the pigment the> 
studied is composed of dissolved melanin granules. Its properties are d is- 




Fig 2 Absorption spectra of derived retinal pigments The upper curve is the 
difference spectrum for Callinecies derived from one retina dissolved in 1 cc 4 per 
cent saponin, and brought to 10 per cent formalin The lower curve is 2 times the 
difference spectrum for Ltmulus derived from 15 retinas of 4 cm wide animals, dis- 
solved in 3 cc 2 per cent alkaline digitahn, and brought to 10 per cent formalin 
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Fig 3 Prolonged bleaching of Callniectes pigment The continuous curve gives 
the difference spectrum due to the 1st hour of bleaching, while the broken curve gives 
the difference spectrum due to the 2nd hour of bleaching 
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tmctly different from those of the homogeneously distributed red pigment of 
the cephalopod rods. The granular pigment is stable m the presence of acid 
and alcohol, and is insoluble in detergents, the homogeneously distributed 
pigment 13 destroyed m the dark by acid, and m the light by alcohol and formal 
dehyde, and is extractable by detergents like saponin and digitonm, used to 
dissolve visual purple. 

If the residue from a saponin extraction of the squid's eye is treated with 
dilute alkali, a magenta pigment is obtained whose absorption spectrum shows 
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Fio 4 Absorption spectra of non light sensitive pigments. The continuous curve 
Is the absorption spectrum of the residue from a saponm extract of squid retina, 
dissolved m 0 In NaOH. The broken curve is the absorption spectrum of the “pros- 
thetlc group ’ from squid retinal chromoprotein, according to Esther Desrivieres, 
L edg er and Vang 

a m aximu m at 510 m An example zs in Fig 4 This pigment may be related 
to the “prosthetic” group of Escher-Desrmeres, Lederer and Vemer, obtained 
by hot add hydrolysis from their 95 per cent phenol soluble “chromoprotein ” 
However, it is unaffected by light in the presence of formalin 
In its bleaching by light, the formalin-sensitized pigment shows some cherm 
cal similarity to visual purple because it liberates retmene. Retmene was 
first found in the squid eye by Wald (1941) who showed that, although the 
total potential concentration of retmene in the fresh squid retina is high (which 
I can confirm), only about 10 per cent of it is released by exposure to 45 minutes 
of daylight. In the present experiments retinas first treated with formalin 
release large quantities of retmene on illumination. 
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Retinas from freshly decapitated animals were removed i mm ediately in 
daylight to filter paper and dried in a vacuum desiccator They were then 
shaken for 30 minutes with petroleum ether to remove free carotenoids A 
pair of weighed retinas was soaked 5 minutes in water and placed m 10 per 
cent formalin for 15 minutes One retina was illuminated 15 minutes by a 
100 watt projection bulb at 6 inches distance through 3 inches of water and a 
yellow filter (Coming 368 half thickness) to protect the liberated retinene from 
photic destruction The second retina served as a dark control, but otherwise 
received similar chemical treatment After washing for 5 minutes and then 
drying, the retinas were again shaken with petroleum ether for 30 minutes 

TABLE I 


Retinene Production tn the Retina of the Squid. 

The figures give the photometric density of retinene in CHCJs, at 390 m/r, per mg dry u eight 
of retina 


Treatment 

Extraction 

Retinene concentration 



Retina in light 

Retina in dart 

First illumination, 15 mm 

1 

0 0060 

umm 


2 

0 0051 

— 


3 

0 0027 

Mmmm 


4 

0 0019 



5 

0 0007 

1 eH 


Total 

0 0164 

0 0072 

Second illumination, 15 min 

1 

0 0008 

0 0031 


Each solution was evaporated to dryness and the residue taken up in 2 cc of 
chloroform for spectrophotometnc analysis Table I gives the retmene con- 
tent of six successive petroleum ether extractions of the same pair of retinas 
After all the retmene was extracted, the retinas were again treated with 
formalin and extracted It is evident that considerable retmene is released 
by the formol treatment itself, but that an illumination of 15 minutes releases 
nearly all of the remaining retmene 

Just how related all this is to the vision of the squid, it is hard to say It 
may merely be that the normal squid photopigment is relatively hght-stable, 
and that the formalin treatment renders it hght unstable In that case serious 
consideration must be given to the possibility that the bleaching of vertebrate 
visual purple is a specialization and that the absence of bleaching, as m photo- 
synthesis and photodynamic action, may have no direct bearing on the ef- 
ficiency of a visual pigment 
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summary 

The red pigment in the eyes of the squid, blue crab, and horseshoe crab 
becomes photosensitive when treated with formalin, and bleaches in the light. 
The resulting change in density is approximately symmetrical around a maxi 
mum at 480 m,u in the blue green. This difference absorption spectrum is in 
rough agreement with the spectral sensitivity of the cephalopod eye and 
differs only slightly from the difference absorption spectrum of vertebrate 
visual purple 

The formahn-sensitued pigment is not melanoid Its bleaching in squid 
retinas releases large quantities of retinene. 

It is suggested that the light sensitivity of the normal squid photopigment 
may be independent of its light stability 

I am pleased to acknowledge the land advice and encouragement of Pro- 
fessor Selig Hecht. 
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I 

Previous publications 1 * * * m this senes have dealt with the preparation and 
electrochemical properties of the activated (electronegative) collodion mem- 
brane The activation consisted of an oxidation of the nitrocellulose, a process 
which caused an increase in the number of dissociable groups in the pores of the 
membrane. Such membranes show more pronounced effects than similar 
untreated membranes when tested by electrochemical methods such as the 
extent of anomalous osmosis, the magnitude of concentration potentials, and 
the rate of electroosmosis The purpose of the present communication is to 
present a method for the preparation and a description of electropositive mem 
branes which are analogous in most respects to the activated collodion mem 
branes 

The literature on electropositive membranes has recently been reviewed by 
Manegold and Kalauch • Two general methods for the preparation of such 
membranes are available First, they have been prepared from inherently 
electropositive materials, such as the ondes of aluminum, zirconium or 
thorium. 4 * The second method consists of impregnating membranes pre- 
pared from collodion or similar materials with some basic organic compound 

One objection to the use of the polyvalent metal oxide membranes is that the 
electropositive charge is rather easily reversed in the presence of many elec 
trolytes. For this reason they are not suitable for most purposes. 

The impregnated membrane, m many instances, has proven more practical 
The impregnation of collodion with basic substances may be accomplished 
either by dissolving such substance m the collodion solution or by adsorbing 
the material on the surface of a previously cast membrane. Among the 

1 Sollner, EL, and Abrams, L J Gen PkynoL, 1940,24, 1 

1 SoQner, K., Abrams, L, and Carr, G. W , J Gen Phyuol., 1941, 25, 7 

* Manegold E., and Kalauch, K., Kolloid 1939 88, 257 

4 Praumltz, P H and Reitstfltter J , Electrophorese, Elektroosmose, Elektro- 
dialyse, Dresden Theodor Steinkopff, 1931 

* SoUner, K., and Lmpountzeva, T unpublished 
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ether-alcohol soluble substances thus far employed are basic dyestuffs 6 " 8 and 
alkaloids 9 - 7 Dried membranes prepared from such solutions have on occa- 
sions given concentration potentials as large as —50 mv 7 A disadvantage of 
this method, however, is that m aqueous media the basic substance slowly dif- 
fuses from the structure, and m time the membrane agam becomes negative 
This is the case with the dried membrane, and as might be expected, the loss 
of the impregnated material is even more rapid with the porous membrane 10 

The adsorption method which has been used m the production only of porous 
electropositive structures consists of adsorbing a protein on the surface of a 
previously cast porous collodion membrane Loeb, 11 for example, employed 
gelatin, egg albumin, casern, and oxyhemoglobin Such membranes retain 
their characteristics practically indefinitely when kept in water However, the 
proteins which have been employed are cationic only within restricted limits, 
i e , on the acid side of then isoelectric points Thus membranes prepared 
with the more common proteins are electropositive only m distinctly acid solu- 
tion The preparation of dried membranes by this method has not been re- 
ported m the hterature 

For the preparation of porous electropositive membranes, we have also em- 
ployed the adsorption method, but with a protein having an isoelectric point 
well on the alkaline side of neutrality Electropositive membranes which 
correspond in their properties to the dried collodion membrane can be pre- 
pared m a similar way by a modification of the adsorption method, as will be 
shown below 

The protem employed in this investigation was a protamine Protamines 
are obtained from npe fish sperm They have an isoelectric point of 12 0 to 
12 4, 12 and thus are cationic not only in acid, but also m neutral and even 
m weakly alkaline solution They have a molecular weight of 2000-4000 13 and 
are decidedly water-soluble Because of then basic character, the protamines 
have a tendency to combme with acidic substances For these reasons, they 
seem ideally suited for our purpose 

6 Mond, R , and Hoffmann, F , Arch ges Physiol , 1928, 220 , 194 

7 Wilbrandt, W , J Gen Physiol , 1935, 18, 933 

8 Nahagawa, J , Jap J Med Sc , III Biophysics, 1937, 4, 343 

9 Harkewitsch, N K , Kolloid-Z , 1929, 47, 101 

10 Several experiments of this nature were earned out and it was found that porous 
membranes prepared from a collodion solution containing a basic dyestuff or alkaloid 
retain electropositive characteristics for a period not exceeding 24 hours 

11 Loeb, J , J Gen Physiol , 1920, 2 , 577 , and many later publications 

n Schmidt, C L A , The chemistry of the ammo aads and proteins, Springfield 
and Baltimore, Charles C Thomas, 1938, 618 

13 Gortner, R A , Outlines of biochemistry, New York, John Wiley and Sons, 2nd 

edition, 1938, 465 
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The general method, as was indicated above, consists of the adsorption of 
protamine from an aqueous solution onto the surface of a previously cast porous 
collodion membrane Membranes of high activity can be prepared by either 
of two methods. The one consists of an activation of the collodion membrane 
(by oxidation) previous to immersion in a solution of salmine sulfate. 14 The 
other method consists merely of an adsorption of the protein from an isoelectric 
(pH about 12) protamine solution. 

Membranes were cast in test tubes (about 30 X 100 m) from a 5 per cent solu 
Don In ether alcohol (75-25) of Balter, UvSr , collodion This solution was poured 
skrwly from the tube, the latter being constantly rotated. After the solution ceased 
to dnp from the tube the solvent was allowed to evaporate for 2 to 3 minutes with the 
tube in an inverted position, 1 * after which time it was immersed in distilled water 
The resulting membrane was loosened from the tube and attached by the open end 
to a glass ring Following a thorough washing to remove the excess solvent, the 
membranes in the case of the first method are oxidued with 0.5 u sodium hydroxide. 5 
After another washing they are immersed for at least 12 hours in solutions containing 
0.5 to 0 8 gm. of salmme sulfate per 100 ml. of solution. Finally, they are removed 
from the solution, washed and kept in distilled water 

If the other method is employed, the oxidation step is omitted and the protamine 
solution used for the adsorption is first brought to its boelectnc point. 11 This may be 
accomplished either by adding a stoichiometric amount of barium hydroxide to the 
sulfate solution or by simply adding sufficient sodium hydroxide to bring the pH of the 
solution up to 12 0 17 Otherwise, the process b identical. 

Actually It b unnecessary to use concentrations of protamine as high as those men 

14 We are indebted to Eli Lilly and Company of Indianapolis who kindly provided 
us with samples of this material. 

11 This technique differs slightly from that employed previously m that formerly 
the solvent was allowed to evaporate with the tube in an upright, somewhat inclined 
position. The resulting membranes were always considerably less dense near the 
bottom since the solvent evaporation was retarded at the bottom and hastened at the 
open end. The present technique allows the downward escape of the solvent vapors, 
and hence the porosity in various parts of the resulting membrane is more nearly the 
same In all l ikelih ood, the over all structure of this membrane b similar to that of 
the middle section of the membrane used in former work. In addition to being more 
homogeneous (macroseoplcally) the present membranes are less likely to tear at the 
closed end 

16 This method was employed by Hitchcock (Hitchcock, D , / Gtn PkynoL, 1925, 
8, 61) who prepared gelatin- and egg-albumm-collodion membranes. 

17 Whether this second method is basacall} different from the first is open to some 
question. The alkalinity of the isoelectnc solution undoubted!} brings about some 
oxidation of the collodion which would result m a strong adsorption of protamine. 
It is thus possible that the adsorption process In these alkaline solutions b enhanced 
by a simultaneous oxidation-activation of the collodion. 
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turned, t e , 0 5 to 0 8 per cent solutions Maximum activation can be ob tamed with 
solutions having a concentration of 0 1 gm per liter The more concentrated solu- 
tions were used to prevent the exhaustion of the protamine since each solution was 
employed repeatedly 

Membranes prepared by this method have retamed their original electro- 
positive characteristics for a 12-month period, bacterial contamination being 
prevented by the addition to the water of small quantities of thymol Indica- 
tions are that with proper precautions, these properties can be maintained 
indefinitely 


m 

In deahng with the activated collodion membranes, we have employed 1 2 18 
three methods for establishing the electrochemical activity of a given porous 
membrane These consist of determining (1) the characteristic concentration 
potential across the membrane, (2) the rate of electroosmosis through the 
membrane, and (3) the extent of anomalous osmosis Of these methods, the 
last is able to distinguish most decisively between specimens having only 
slightly different electrochemical characteristics For this reason it has been 
used extensively in this series of investigations on the structure of the collodion 
membrane and is used also for the characterization of porous protamme- 
collodion membranes For the details of the three methods mentioned, their 
merits, and their theoretical foundations, the reader is referred to the previous 
publications The method used in determining the extent of anomalous 
osmosis is described below 

Any arbitrarily chosen electrolyte could be used for this purpose To obtain 
decisive, characteristic, and easily reproducible effects, a dilute solution of an 
electrolyte having a divalent ion identical in the sign of its charge with the 
electrohmetic charge of the membrane is employed Negative membranes 
were tested 2 with a salt having a univalent cation and a divalent anion, such 
as potassium sulfate Correspondingly, with positive membranes, a di-uni- 
valent salt is used, calcium chloride being used in this investigation With the 
uni-univalent salts, the effects are not nearly as pronounced On the other 
hand, with salts having a tnvalent ion, such as aluminum, the latter often 
adsorbs on the surface of the membrane and so unduly influences its electro- 
chemical behavior 

In testing positive membranes, therefore, the following technique is employed 
The membrane bag attached to a glass ring is filled with a solution of 0 01 M calcium 
chloride and is attached to a rubber stopper holding a capillary manometer tube (inner 
diameter about 1 6 mm ) The rate of anomalous osmosis is determined by measuring 
the nse of the meniscus m this tube 20 minutes after the filled membrane had been 


18 Sollner, K., Abrams, I , and Carr, C W , / Gen Physiol , 1941, 24, 467 
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rmmened m a large volume (about 600 mi) of distilled 'water This nse of the menis- 
cus Is taken as an indication of the “activity” of the membrane tested. 

The electrochemical behavior of the protemixed membrane vanes with the 
ionic state of the adsorbed protein therefore, one of the most important points 
was to determine the dependence of the behavior of protannmzed membranes 
upon pH Experiments were therefore performed to determine the relation- 
ship between anomalous osmosis and pH. A \ery active protamine- collodion 
membrane was filled with 001 m calcium chloride and tested in the manner 
described, the pH of the made and outside media was adjusted to the value 
desired by the addition of sodium hydroxide or bydrochlonc acid. The results 



pH 
Fia 1 

are shown graphically m Fig 1, pH being plotted on the abscissa and the values 
for the manometnc nse after 20 minutes on the ordinate. 

Similar experimental data ob tamed b> Loeb 11 with an oxj hemoglobin- 
collodion membrane baie also been plotted m Fig 1 As is obvious, the range 
of pronounced electropositive actmt\ m this case lies between pH 2 and 4, 
whereas the protamine membrane exhibits optimum effects between pH 3 and 
8 the activity being depressed onl\ in extremely a ad a nd alkaline regions, 
distinct electropositrvity remains evident down to a pH of 1 and up to 10 
The exact magnitude of the effects at optimum pH obtained with the protamine 
and the oxyhemoglobin membrane are not strictly comparable since Loeb used 
h/ 64 solutions whereas 0.01 u solutions were employed in the other case- 
in a previous publication, 1 the typical shape of the liquid transport curves 
of Loeb were reproduced with an unondired and an oxidized collodion mem- 
brane. The electrolytes employed were the chloride, sulfate, and citrate of 
potassium. For the sake of comparison with regard to both the concentration 
effect and the general shape of the cun es, we earned out analogous experi 
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ments with an active protamine-collodion membrane, the salts employed in 
this case being potassium, sodium, calcium, and cerous chlorides In every case, 
the neutral salt solution was used The results of these experiments are shown 
m Fig 2 The osmotic behavior of the membranes with non-electrolytes is 



Con centra lion 
Fig 2 


indicated by the sucrose curve The manometric rise of the meniscus, repre- 
senting the rate of transport from the side of the water to the side of the solu- 
tion, is plotted on the ordinate, with concentration (on a logarith mi c scale) on 
the abscissa 

The curves of Fig 2 assume the same general shape as those for the electro- 
negative membranes Even the magnitude of the manometric nses with potas- 
sium, calcium, and cerous salts, respectively, are exceedingly similar to those 
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obtained with the oxidized collodion membrane using potassium chloride, 
sulfate, and atrate. Thus, we can say that with respect to its anomalous os- 
motic activity, the porous protamine-collodion membrane is an electropositive 
counterpart of the porous activated collodion membrane described previ- 
ously 1 1 We might add that the transports with the protamine membranes m 
neutral solution are considerably greater than those reported by Loeb for gels 
tin-, egg-albumin , casein , or oxyhemoglobin collodion membranes in acidified 
salt solutions 

Negative osmosis, a transport of fluid through a membrane from a con 
centra ted to a dilute solution according to theoretical considerations of Soli 
net, 1 * can be expected only under specific experimental conditions. Generally, 
with sufficiently porous membranes, if the faster diffusing ion of the electrolyte 
involved has the same sign of charge as that of the fixed ionic layer of the man 
brane, negative osmosis can occur With the porous protamine membrane, 
then, this phenomenon can be expected to be most pronounced with solutions 
of strong acids. 

In carrying out the experiments, the procedure of Loeb 10 was followed. The 
membrane filled with distilled water was Immersed into a ad solutions varying in 
concentration from u/1024 to 2 u. The rise of the meniscus in 10 minutes 11 repre- 
senting the flow of liquid from concentrated to dilute solution, is plotted on the or 
dinate In Fig. 3 with the add concentration on the abscissa on a logarithmic scale as 
before. Negative values indicate that the net fluid transport is from solution to 
solvent. 

The striking feature of the curves in Fig 3 is that negative osmosis is pre- 
dominant at relatively high concentrations in comparison with those concen 
trations at which positive anomalous osmosis occurs. 

Without entering into the more theoretical aspects of this matter, it might be well 
to bring out the fact that initial potential differences across such systems as are re prt 
sented in Fig 3 are quite high. For example, in the system 1 u H 3 PO 4 |membrane| 
water the initial potential difference was found to be + ISO mv 

Ordinarily, dectrooscmotic phenomena are absent or very weak m high concen- 
trations of strong electrolyte solutions. Thus the ascription of negative osmosis to 
electroosmotic forces might raise some question. However, we must consider that In 
our experimental arrangement, a steep concentration gradient exists withm the 
membrane between the solution on the one side and the water (initially) on the other 

w Sollner, K., Z EUkirochem 1930 36, 56, 1930, 36, 234, Sotlner, K., and Grolh 
man K. Z EUhlrochem 1932 38, 274 Gro Uman, A., and Sollner, K., TV EUdro- 
c-hem Soc ^ 1932, 61, 487 

50 Loeb J JCw Phystel n 1919, 2, 173 

11 The duration of these experiments was only 10 minutes (as compared to 20 for the 
positive anomalous osmosis tests) since the initial rate of me In this period Is much 
more ngnificant than the average rate over a longer period. 
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The active electroosmotic process would necessarily occur at such layers of the mem- 
brane m which the conditions are optimal for their occurrence. 

This deduction is substantiated by the observation that negative osmotic flows 
persist for relatively short periods, 30 minutes at the most with our membranes, 
whereas positive anomalous osmotic effects are maintained for an hour or even longer 
With the high concentration necessaiy for negative osmosis, the concentration gradi- 
ent across the membrane is initially very steep, as diffusion proceeds, the electrolyte 
concentration in all parts of the membrane is increased and soon becomes high enough 
to depress electrohmetic effects At such time, spontaneous electroosmosis (that is, 
negative osmosis) ceases and true osmotic effects are then observed, the direction of 
fluid flow being reversed 



1024 266 64 16 A 

Concentration 

Fia 3 


To further extend the analogy between the porous protamine and the porous 
oxidized membranes, comparative electroosmosis experiments were performed 
with protamine, oxidized, and unoxidized membranes 

Several collodion membranes were prepared from Baker, u s-P , collodion according 
to the method described above One third of this group was used as such, a second 
third was oxidized for 3 hours with molar sodium hypobromite, and the remaining 
third was impregnated with isoelectric protamine Following a thorough washing, 
all of these membranes were subjected to electroosmosis experiments for which a 
current of 10 milhamperes was passed through the membrane, the latter bemg at- 
tached to a rubber stopper holding a graduated manometer tube of 1 cm diameter 
The electrodes consisted of a platinum wire spiral inside the membrane and a platinum 
wire cage outside 2 In each experiment, a current of 20 milhamperes was apphed 
for 10 minutes Then the current was then reduced to 10 milhamperes and after 
some time the volume transported in 10 minutes was recorded The polarization 
before the actual measurements was necessary (especially with the dilute solutions) 
in order to have a constant condition of polarization during the actual measuring 
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period. Hie electrolytic solutions used -were 0 1, 0 01, and 0 001 H potassium chlor 
ide The results of these experiments with a membrane representative of each 
group are given in Table I, the volume changes bang expressed as mflhbters per hour 

The similarities in magnitude of the dectroosmotic transports with protamine 
and oxidised membranes are obvious, those of the unoxidized membranes fall 
considerably below this level. 53 

A few words concerning the physical properties of the porous protamine- 
collodion membranes may be added here. The pore space of our membranes is 
about 80 per cent of the actual membrane volume, the concentration potentials 
obtained with various electrolytes across such membranes are only a few milh 
volts different from those obtained on free diffusion This situation is quite 
analogous to the observations with the oxidized porous collodion membranes 3 


TABLE I 

EUdrocxmcxii throuik Prolamitu-Coilodion Oxidiud and Uttandlstd Coiladlon ifembratus 
(Current 10 u Ampr., Utmbrant Ana about 100 Cm. 1 ) 


Cooc«»trmtloQ of KG 
ictntiao 1 

1 SWctioocaotlc ficnr per hr 

rirrt*jnbbe-ollo<tft>o 

Mnbnn 

OsldUed coUodk* 
mibrui 

TJocoWlwl ttUodloo 
mctnbrxot 

mmla fv llitr 

mL 

mL 

ml 

0 001 

-4 38 

-M 64 

+2 84 

0 01 

-1 68 

+1 80 

+0 36 

0 1 

-0 OS 

+0 21 

+0 00 


4 The plus sign indicates transport towards the cathode, a minus tijjn transport towards 
the anode. 


The ohmic resistance of such membranes (thickness of 0 03 to 0 04 mm) 
when immersed in 0.05 u potassium chlonde solution, is very low, about 1 
ohm — on the average — per 100 cm.* of membrane, the ohmic resistance is not 
significantly different from the original membranes which are not coated with 
protamine. 

The rate of filtration of water or electrolyte solutions through such mem 
b nines seems to be somewhat lower than that observed with the ordinary col 
lodion membranes. For example, the filtration rates through three of our 
typical membranes previous to the adsorption of protamine were 1 83, 2-35, and 
1.55 ml per hour under an a\erage hydrostatic head of 15 cm of water, the 
filtering area being roughly 100 cm. 1 After the adsorption of the protamine, 
these values were 1 61, 1 77, and 1 18 ml per hour To minimize disturbances 
which could be caused by electrical forces, molar potassium chlonde solution 

** Electroosmotic transport values given previously (So liner, K. Abrams L, and 
Carr C \V J Gen Phyticd 1941, 25, 16) were erroneously expressed as transport 
values per 20 minutes they are actually transport rates per boor 
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was used m these filtration experiments This observation agrees qualitatively 
with the observation of Hitchcock 23 that the filtration rate of collodion mem- 
branes after the adsorption of gelatin was considerably reduced, the stronger 
effect with gelatin being due most likely to its greater molecular size 

We may add that membranes exposed to an isoelectric protamine solution assume a 
slightly yellowish tinge Tins effect is probably not due to the protamine, but rather 
to the alkalinity of the solution Membranes immersed in a slightly alkaline solution 
without protamine for relatively long penods also assume a yellow coloration What- 
ever the exact nature of this effect may be, it seems to be of no sig nifican ce for the 
structure of the membrane 


IV 

As was mentioned previously, stable electropositive membranes which cor- 
respond in their properties to the activated dried collodion membrane are not 
described in the literature 

Protamine and its salts are practically insoluble in ether-alcohol There- 
fore, dried positive membranes cannot be prepared from collodion solutions 
containing protamine in the dissolved state 
The adsorption of protamine on dried collodion membranes also does not 
yield satisfactory results, it was found that the negative character of the mem- 
branes is only slightly reduced, in no case was the electrohmetic charge re- 
versed This is easily understood if we consider the fact that the pores of dried 
collodion membranes are too small to allow the entry of molecules as large as 
protamine Thus, the protamine is excluded from the very spots which deter- 
mine the electrochemical characteristics of the membrane 

A successful approach to the problem consists of adsorbing protamme on 
porous collodion membranes followed by drying The technique is quite 
simple Porous protamine membranes are prepared as described in a preced- 
ing section and dried in air for at least 6 hours After tins time, they assume 
a shrunken, irregularly wrinkled appearance and are ready for use 
Their most characteristic property is, of course, their electromotive be- 
havior The characteristic concentration potential — KCl 0 1 ir/KCl 0 01 u — 
closely approaches the thermodynamically possible maximum Some typical 
values are given in Table II 

In another series of six such membranes, the concentration potentials at the 
end of 3 months were found to vary between —47 and —52 mv Such mem- 
branes offer relatively little resistance to the passage of current just as do the 
dried collodion membranes which are activated by oxidation or prepared from 
activated collodion 


:3 Hitchcock, D , J Gen Physiol , 1925, 8, 61 
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TABLE n 

CkaraclcHsiU Concentration Foitnliah across Dried Proiomint CeSadton Membranes -f AG 
OJxfKd OjOIu- 


Cooc*otr*tfctn potential «fttr itonp la wutcr 


Membrane 



1 &xy 

j lrt. 1 

2 wt*. 

3 wki. 


•o. 

i ! 

mm. 

mi. 

a \ 

-52 2 

-47 5 1 

-49 5 

-48 7 

b 

-50 7 

-49 2 

-48 0 

-48 2 

c 

-51 4 

-51 0 

-50 5 

-49 5 

d 

-50 1 

-48 7 

—48 9 1 

-49 0 

• 

—48 6 

-49 7 

-48 0 1 

-46 2 

f 

-51 0 

-50 3 ; 

-49 4 j 

-47 6 


Thus, the experimental evidence indicates that the dned protamine-collo- 
dion membrane can be considered as an electropositive analogue of the dned 
activated collodion membrane — just as the porous protamme-coflodion mem 
brane is an electropositive analogue of the porous activated collodion mem 
brane 


SUMMARY 

1 Strongly electropositive porous membranes were prepared by the adsorp- 
tion of protamine (saimrne) on porous collodion membranes* These mem 
brones retain their electrochemical chractenstica for at least 12 months without 
change. 

2 They are distinctly electropositive between pH 1 and 10, the range of 
most pronounced electropositive behavior occurring m solutions between pH 
3 and pH 8 The filtration rates and ohmic resistance of these membranes do 
not differ significantly from similar uncoated membranes. 

3 The porous protamine-collodion membranes show very pronounced posi 
trve anomalous osmosis, the observed effect* with proper electrolytes being 
similar to those obtained with ondixed collodion membranes. They also 
show very conspicuous negative osmosis with strong adds 

4 Protamine-collodion membranes which correspond ih their properties to 
the activated dned collodion membranes were prepared by the adsorption of 
protamine on porous collodion membranes followed by drying in air The 
concentration potentials across such dned protamine-collodion membranes 
closely approach the thermodynamically possible maximum 




SOME THERMOANALYTIC STUDIES OF ORGAN AND WHOLE 
ANIMAL RESPIRATION 
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(Received for publication, November 17, 1942) 

INTRODUCTION 

These studies are an attempt to obtain comparative information about the 
thermal behavior of the different organs m an animal body From these data, 
and from similar data about the thermal behavior of the whole animal, it is 
possible to draw certain inferences regarding the conditions which govern the 
oxygen consumption of tissues. Such inferences tire the chief interest of the 
present paper More extensive investigations of this sort, however, might 
also greatly clarify problems of the individual metabolism in tissues This 
last question we shall touch upon briefly 

Technical Details 

All the present experiments were earned out on tissues of the winter variety of 
Rana ftpicns The organs used were liver kidney, and external and internal oblique 
musdes. Tissue slices were made free-hand with an ordinary razor blade (1), after 
some practice these were consistently turned out with a thickness of less than 02 mm 
These shoes were suspended in unbuffered Locke s solution. 1 It was established by 
preliminary experiments (see below) that with the solution and amounts of tissue 
used (< 50 mg ), the increasing acidity of the system was a negligible factor for a 
period of at least 2 hours. (Readings were subsequently taken for a penod of 1 hour 
only ) The respirometm used were timple manometnc systems (American Instru- 
ment Co ) Temperature control good to 0 1 C C. was obtained. “Dry weight ’ was 
determined as the constant weight attained after drying in an oven at 86° C. 

The Results of Preliminary Experiments — It is, of course, an essential as- 
sumption m the measurements of tissue respiratory rates that the determined 
rate be independent of the duration of the run or of the excision time. This 
is not the case if the tissue has a high cytolytic rate (rapid negative acceleration 
of the oxygen consumption) In order to investigate the cytolytic behavior 
of these tissues, the curve of <2o, w time was obtained in a large number of 
experiments lasting an average of 8 hours In each case it was found that the 
tissues exhibited a constant Qp,, ue dQ/dt « 0, for at least 2 hours after the 

*NaCl 7 0 gm 1H 

Cad, 0 316 

Ed 0 189 

Glucose 1 000 
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beginning of the experiment or 2 hours and 25 minutes after excision On 
the basis of this fact it was decided to take total oxygen consumption during 


TABLE I 

QOi Values far Various Organs at Different Temperatures 


Liver 

Kidney 

Muscle 

25 6° 

1 86 

1 93 

0 324 

(10)* 

(S) 

(9) 

30 0° 

0 782 

2 72 

0 282 

(6) 

(5) 

(S) 

20 0° 

1 18 

1 58 

0 46 

(7) 

(9) 

(9) 

15 0° 

0 606 

1 385 

0 389 

(5) 

(5) 

(5) 

O 

O 

O 

T— < 

0 467 

1 01 

0 279 

(5) 

(5) 

(S) 

5 0° 

0 310 

0 816 

0 322 

(5) 

(5) 

(5) 

o 

o 

0 

0 29 

0 58 

0 27 

(5) 

(5) 

(5) 


* Numbers m parentheses signify No of determinations used m calculating the mean 
given 


the 1st hour as the value of the Q 0i At all temperatures the second differences 
of the pressures (A 2 />) were always checked to establish the absence of a nega- 
tive acceleration In no case was this detected during the time of the run 
This is, of course, in strikin g contrast to the behavior of ma mma lian tissues 



MAtTUEL 7 MORALES 


3S3 



"Flo 1 Oxygen coMurnpUnn in mm 1 bi _1 mg.' 1 , lox liver dices (Ratio pipiens) 
between 0 end 30°C. The measures were made at approximately 5° intervals. 



Fig. 2 Oxygen consumption in mm * hr _1 mg -1 , for kidney slices (Rano pipiens) 
between 0 and 50° C. The measures were made at approximately 5* intervals. 


The initial constancy of the Qo, has the corollary that the acidity of the 
tissue did not undergo a non physiological displacement, for such a displace- 
ment would necessarily bend the time curve away from linearity Thus the 
absence of a buffer was justified. ^ ^ 

It might be remarked in passing that much of interest could probably be 
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Fig 3 Oxygen consumption in mm 3 hr -1 mg -1 , for slices of the oblique abdominal 
muscles ( Ram fiiptens) between 0 and 30°C The measures were made at 
approximately 5° intervals 



Fig 4 Oxygen consumption of organs and animal referred to oxygen consumption 
for the same organ or animal at 0°C ( Rana pipiens) The ratios are given at 
approximately 5° intervals 
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gained by performing a rational analysis of the time curves The constants 
of such curves would serve as comparative indices for the tissues. 



Fio 5 Arrhenius plots of log (oxygen consumption) w the reciprocal of the abso- 
lute tempera. tore Straight lines have been onented through the points in order to 
secure approximate values of p 


The results of all experiments are summarized in Table I, m which entries 
are made so that for a given tissue (at a given temperature) there are at least 
five determinations on different animals. The means of readings are then used 
variously in a series of graphs (1) Qq, vs Centigrade temperature (2) A 
comparison of the various tissues and of the whole animal, using the dependent 
variable, Q/Q°, where Is the oxygen consumption at 0°C. (3) Plots of log 
Qcu vs 1/T for the various tissues and for the whole animal (4) Qo, tu time 
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Fig 3 Oxygen consumption in mm 3 hr - 
muscles ( Rana pipiens) between 0 and 
approximately 5° intervals 



Fig 4 Oxygen consumption of organs 
for the same organ or animal at 0°C 
approximately 5° intervals 
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for the whole animal (a difference o f about 8,000 cals.), but it is practically 
equal to that for whole animal respiration through the shin. From this we 
can very tentatively conclude that whenever lung respiration predominates, 
the oxygen consumption of the liver is limited by the availability of gas, but 
that whenever skin respiration predominates no master reaction can be said 
to exist- It is curious to note m this connection that the (?/Q° curves for liver 
and for respiration through the skin are strikingly similar 
Finally, it might be remarked in passing that the form of the curve in the 
Arrhenius plot may turn out to be of great significance even when curvilinear 
(as is the case for liver in these experiments) If we accept the statistical form 
of the velocity constant (see, for instance, 10), it follows that by the operation 
of taking logarithms this function will always be split up mto two terms, one 
of which will contain the energy of activation and 1 fT The temperature 
dependence of the other term is what may deade departures of the plot from 
linearity 

The counsel of Professor S F Cook and of Mr F Kreutaer in connection 
with this work is most gratefully acknowledged 

5U1Q LAKY 

Data on the respiratory rates of frog liver, kidney, and striated muscle were 
obtained at various temperatures by the Warburg method Fundamental 
differences in the curves of <2oi w T exist among the tissues and between the 
tissues and the whole an i mal. The Arrhenius plots of these curves show that 
at least for some tissues the availability of oxygen at the tissue as limited 
by the diffusion of gas through the skin and lungs, governs the Qo, of the tissue. 
Inferences are drawn regarding the comparative metabolism of the tissues and 
the fallacy of using whole animal Qo, alone as a metabolic index. 
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tamed It is conceivable that the efficiencies for various organs might have 
optima at approximately equal temperatures The comcidence or non- 
comcidence of the efficiencies is of course of more significance than the coinci- 
dence or non-comcidence of respiratory maxima 
III Arrhenius Plots — The final consideration which we wish to undertake 
here is the possibility of applying Crozier’s thermal analysis to the problem 
is the oxygen consumption of a given tissue limited by the availability of the 
gas or by the metabolic machmery of the tissue which uses up the gas? A 
theoretical answer to this question can be given if it is assumed that the uptake 
of oxygen occurs according to the scheme 

I O2 metabo-] 
lining in > 
the tissue J 

Let us suppose that we know the p value of the over-all process (whole animal 
respiration) and also that of the second step (tissue respiration) If these 
values differ by the requisite Burton amount (3), then it follows that the g 
value of the over-all process was actually the p value of the first step, and 
therefore that the first step (availability) is the limiting process or “master 
reaction ” If the difference in g values is insufficiently large, then, according 
to Burton, nothing can be said regarding mastery This view is not shared 
by the author, 3 and here we should like to retain tentatively the original condi- 

t j 

tion that if p, > p„ then 1 is the master reaction of the process, — >— > 

To investigate the question we must have the p values for the whole animal 
(over-all process) and for the chief respiring tissues of the animal For the 
whole animal the p values are, according to Crozier’s (4,5) calculations, 24,000 
cals , 21,000 cals , and 11,000 cals , respectively, for Vernon’s (6), Krogh’s 
(7 ,8), and Putter’s (9) (respiration through the skin) experiments With 
respect to the tissues it will be seen that the plots are of various types — a 
matter which we shall comment on below Kidney Q 02 gives a p value of 
8,400 cals Liver does not give a good rectilinear plot (in fact, the points 
fall on a rather regular curve), but a rough estimate of the characteristic is 
12,000 cals The muscle plot is highly irregular, but it is safe to say that the 
greatest possible value (computed from the maximum slope) is less than 
5,000 cals 

Using these data m the theory, we are led to the deduction that both for 
kidney and for muscle the site for’ the master reaction m their metabolism is 
between the organ and the external air In the frog the site a ould be at the 
lungs and possibly on the skin, and the limiting process would be the diffusion 
of oxygen through these membranes 

The case of liver is not so clear cut Its p value is considerably below those 

3 This matter is considered in a paper now in preparation 
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for the whole animal (a difference of about 8,000 cals ), but it is practically 
equal to that for whole animal respiration through the skin From this we 
can very tentatively conclude that whenever lung respiration predominates, 
the oxygen consumption of the liver is limited by the availability of gas, but 
that whenever skin respiration predominates no master reaction can be said 
to exist It is cunous to note m this connection that the Q/Q° curves for liver 
and for respiration through the Bkm are strikingly similar 

Finally, it might he remarked in passing that the form of the curve in the 
Arrhenius plot may turn out to be of great significance even when curvilinear 
(as is the case for liver in these experiments) If we accept the statistical form 
of the velocity constant (see for instance, 10), it follows that by the operation 
of taking logarithms this function will always be split up into two terms, one 
of which will contain the energy of activation and 1 [T The temperature 
dependence of the other term is wh&t may decide departures of the plot from 
linearity 

The counsel of Professor S F Cook and of Mr F Kreutzer in connection 
with this work is most gratefully acknowledged. 

SUMMARY 

Data on the respiratory rates of frog liver, kidney, and striated muscle were 
obtained at various temperatures by the Warburg method Fundamental 
differences in the curves of Qo* w T exist among the tissues and between the 
tissues and the whole animal The Arrhenius plots of these curves show that 
at least for some tissues the availability of oxygen at the tissue, as limited 
by the diffusion of gas through the skin and lungs, governs the of the tissue. 

Inferences are drawn regarding the comparative metabolism of the tissues and 
the fallacy of using whole animal Q 0l alone as a metabolic index 
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In 1938, Hopkins and coworker* (1, 2) showed that succinic dehydrogenase 
could be Inactivated by oxidized glutathione (GSSG) and could lie reactivated 
by reduced glutathione (GSH) They interpreted these results to mean that 
the active enzyme requires intact — SH groups and that when these are con , 
verted to the— S-S— form of the enzyme, the dehydrogenase is inactivated 
Any assumption that the functioning of the enzyme Involved an oscillation 
between the SH and the — S— S— form of the enzyme seemed to be definitely 
eliminated, however, by the fact that the — S — S — form could not be reduced 
by succinate. Thus the function of the SH group in succinic dehydrogenase 
has reroamed an unsolved problem. 

Although many proteins contain SH groups, very little is known about the 
structural relationship of the SH group to the rest ol the molecule Even In the 
case of egg albumin, in which the SH groups have received the most careful 
study, the mechanism by which the SH groups ot native egg albumin arc 
shielded irom some sulthydryl reagents and not from others remains obscure 
fl) In the case oi succinic dehydrogenase, the presumptive SH group (I, 2) 

0 associated with [unction, and the reaction of the protein with sulthydryl 
reagents should be demonstrable on the basis of determinations of the amount 
of active enzyme remaining Furthermore, since it is an oxidative ^ 
the measurement of oxygen uptake makes possible a continuous 

01 the amount oi active enzyme at any given moment We have 
established the test conditions lor the measurement oi the activity ol 
enzyme (4, 5) The rate of oxygen uptake is a valid measure of 
dehydrogenase activity in this system since cytochrome c and cyt 
cnadase, which ate needed to complete the reaction with oxygen, arc present 
“?'*'***• acbvity of the enzyme is so great under the proper conditions 

i TV" P" 3 " 11 m '“F™' preparation does not Inter 

lerc with the study o{ the tcckction. 


of ‘TTV T ib “ or ’btdies appear to constitute the only available means 
of rotabbsUng the presence of SH groups in succinic dehydrogenase and of 
deternunuig their idle m the function of the enzyme 


* m work ™ supported by the Jon, than Bowman Fund for Cancer Research. 
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STUDIES ON THE MECHANISM OF HYDROGEN TRANSPORT IN 
ANIMAL TISSUES 

VI. Inhibitor Studies with Succinic Dehydrogenase* 

By V R. POTTER and K. P DuBOIS 
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(Received for publication, November 12, 1942) 

In 1938, Hopkins and coworkers (1, 2) showed that succinic dehydrogenase 
could be inactivated by oxidized glutathione (GSSG) and could be reactivated 
by reduced glutathione (GSH) They interpreted these results to mean that 
the active enzyme requires intact — SH groups and that when these are con 
verted to the — S — S — form of the enzyme, the dehydrogenase is inactivated 
Any assumption that the functioning of the enzyme mvolved an oscillation 
between the SH and the — S — S — form of the enzyme seemed to be definitely 
eliminated, however, by the fact that the — S — S — form could not be reduced 
by succinate. Thus the function of the SH group in succinic dehydrogenase 
has remained an unsolved problem. 

Although many proteins contain SH groups, very little is known about the 
structural relationship of the SH group to the rest of the molecule. Even m the 
case of egg albumin, m which the SH groups have received the most careful 
study, the mechanism by which the SH groups of native egg albumin arc 
shielded from some sulfhydiyl reagents and not from others remains obscure 
(3) In the case of succinic dehydrogenase, the presumptive SH group (1, 2) 
is associated with function, and the reaction of the protein noth suifbydry] 
reagents should be demonstrable on the basis of determinations of the amount 
of active enzyme remaining Furthermore, since it is an oxidative enzyme, 
the measurement of oxygen uptake makes possible a continuous appraisal 
of the amount of active enzyme at any given moment We have previously 
established the test conditions for the measurement of the activity of this 
enzyme (4, 5) The rate of oxygen uptake is a valid measure of succinic 
dehydrogenase activity m this system since cytochrome c and cytochrome 
ondase, which are needed to complete the reaction with oxygen, are present 
in excess. The activity of the enzyme is so great under the proper conditions 
that the extraneous matter present in the enzyme preparation does not inter 
fere with the study of the reaction. 

At present, inhibitor studies appear to constitute the only available means 
of establishing the presence of SH groups in succinic dehydrogenase and of 
determining their rdle in the function of the enzyme. 

* Thu work was supported by the Jonathan Bowman Fund for Cancer Research 
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In the work to follow, the nature of the SH groups in succinic dehydrogenase 
has been studied by testing the inhibitory action of some 38 different chemical 
compounds over a wide range of concentrations and in the presence and ab- 
sence of the substrate In addition, malonate, which is itself an inh ibitor, 
was shown to decrease the action of other inhibitors On the basis of the 
inhibitor experiments, it has been possible to approximate the structure of the 
succmate-activatmg center of the dehydrogenase and to provide an explanation 
for the earher results of Hopkins, thus reopening the possibility that the SH 
group may be involved m hydrogen transport m this enzyme 

EXPERIMENTAL 

Enzyme System —Studies in this laboratory (4, 5) have led to the development of 
an enzyme preparation m which the components of the succinoxidase system are 
believed to approximate their native functional activity more closely than m systems 
hitherto studied Rat liver homogenates were freshly prepared and kept in ice 
water until pipetted The reaction mixtures contained 0 8 ml of 0 1 m sodium phos- 
phate pH 7 4, 0 4 ml of 10~ 4 xi cytochrome c, 0 3 ml of 4 X 10~ 3 m CaCh, 0 3 ml of 
4 X lO -3 M AICI 3 , 0 3 ml of 0 5 m recrystallized sodium succinate pH 7 4, 0 1 ml of 
10 per cent liver homogenate m 0 033 m sodium phosphate pH 7 4, plus water and in- 
hibitor solution to give a final volume of 3 0 ml About once a week the calcium, 
aluminum, and cytochrome were made up mto one solution of which 1 ml was pipetted 
into each flask All solutions were stored in the cold and kept in ice water during the 
pipetting The rate of oxygen uptake was measured in a conventional Warburg ap- 
paratus at 38°C The need for the various components has been previously demon- 
strated (4, 5) The enzyme system as set up will not oxidize succinate beyond the 
fumarate stage 

Inhibitor Experiments — During the course of this work, a wide variety of 
compounds were tested for toxicity to the succinoxidase system The results 
are summarized as briefly as possible in Table I Although the concentration 
of inhibitor was varied over a wide range, only one concentration is reported 
In most cases, the presence of succinate decreased the action of the inhibitors, 
therefore, the enzyme was incubated m the absence of its substrate, and the 
activity was measured by delaying the succinate addition In these cases, less 
inhibitor was required for a given amount of inhibition than in the case of ex- 
periments in which succinate was present at the beginning In the delayed 
sucanate experiments, the action of the inhibitor was usually complete by the 
tune the substrate was added, while in those cases where succinate was present 
from the beginning, the per cent inhibition usually increased with tune In 
the latter experiments, it is thus necessary to specify the tune at which the per 
cent inhibition was computed, and in Table I the percent inhibition is stated 
for the second and fourth 10 minute intervals Although most of the inhibitors 
-o-ili zixe 103 per cent inhibition if added m sufficient quantity, an attempt 
~ s made to report those concentrations which gave 50 to 80 per cent 



TABLE I 

Inhihidon of Sxcctncxidast 


Tat system dacribtd in text. Inhibition calculated from Qoi values \rith control In 
each ran. 
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ccroctntrttioa 

I Tobtbttlcm 
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Quinones and related compound* 


1 

Quinone 

ii/IOO 000 

Hr 

e**i 

65 

u/30 000 

Hr 

ant 

50 

Hr 
an 1 

68 

2 

1 4 Naphthoquinone 

m /100 000 
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21 

30 

3 

2 Methyl naphthoqtnncme 

u/10 000 

S3 


44 

45 

* 

9 10 Anthraquincme 

Saturated 
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Saturated 

Eft 

Eft 

5 

Tlydroqumcrae 

m /100 000 

65 


11 

35 

6 

Catechol 

u/ 100 000 

35 


3 

5 

7 
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u/10 000 
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k/1 000 

Eft 
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Aro compound* and diamine* 


8 

^Phtnylenedi amine 

it/ 100 000 

65 

m/30 000 

26 

54 

9 

^-Arrunophenoi 

m/30 000 

43 

u/100 000 

17 

46 

10 

o*r heuyl enedimmne 

u/30 000 

37 

M/1 000 

7 

7 

11 

If Methyl-^phenytenedbiroiae 

u/ 100 000 

65 

u/30 000 

43 

72 

12 

^-Aminodlmethylaniime 

U/100 000 

71 

u/30 000 

45 


13 

2 Methyl N« N 4 dimethyl 1 4 

phenylene-dtamlne (met*)* 

M/100 000 

72 

m/30 000 

15 


14 

2 Methyl N 1 IR-dimetbji 1 4 
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0 

0 

15 

/-Amin oace tan did 
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4 

u/100 

Kjl 

53 

16 
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0 

u/100 

■L*l 

0 

17 

/-Nj trosod hue thy hmlDn e 
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4 
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18 

18 

p-AmLnoaxobenxcne 
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43 

m/2 000 

36 

35 

19 

/-Dlmethylandnoaxobeneenel 
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55 

m/200 

25 

24 

20 

Methyl orange 

k/1 000 
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u/200 

42 

48 

21 

Methylene blue 
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m/3 000 

Eft 
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Sulfhydrjri reagents 
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Iodine 
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I m/3 000 1 
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4 
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I Iodoacetate 

M/1 000 
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67 
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56 

63 
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u/3 000 
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32 
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Toxic anion* 


31 

Selenite 

M/100 000 ] 
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Arseni te — 

U/10 000 | 
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Ob Ulned through the lcindntss of Dr C- J Re n tier Memorial Hospital Newport 
X Di**oived in term oil and homogenised rrith the li*rtic. Corn ofl or dye non tone alone. 
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inhibition for the majority of the compounds and to report the inhibition 
obtained at this same concentration with compounds which were less toxic 

Although it is not possible to discuss each inhibitor at length and to give all 
the reasons which led to their selection, it may be stated that each compound 
serves as a control for one or more other compounds m the senes, and all of the 
compounds studied are reported for the sake of completeness Of the 38 com- 
pounds listed, certain key compounds enable one to deduce the nature of the 
active center m succinic dehydrogenase 

It is desirable at the outset to emphasize the oxidative capacity of the enzyme 
system Many of the compounds used are in the reduced form (^-phenylenedi- 
anune, ^-aminophenol, hydroqumone, etc ), but m the presence of cytochrome 
c they are rapidly oxidized It seems certain that the toxicity of these com- 
pounds anses from their properties m the oxidized state, as Potter (6) dem- 
onstrated in studies with the urease system This conclusion is supported 
by the results with the succmoxidase system 

The key compound of the senes is qumone (p-benzoqumone) (No 1 m Table 
I), and 21 of the 38 compounds studied are related to this substance Of the 
21 compounds, those which are toxic either con tarn the qumonoid structure or 
are converted to a qumonoid structure m this system It seems likely that 
any qumonoid compound will inhibit succinic dehydrogenase but that addi- 
tional factors such as solubility, molecular size, and configuration lower the 
toxicity as the compound deviates from the properties of qum one Thus it will 
be seen that qumone is the most toxic compound in the qumonoid senes, 
although many of the diamines are equally toxic (the difference between 65 
per cent and 72 per cent inhibition is not considered significant) Naphtho- 
quinone (No 2) is nearly as toxic as qumone, but the introduction of a methyl 
group to give 2-methyl naphthoquinone (artificial vitamin K) (No 3) decreases 
the toxicity almost tenfold 1 It has been shown (7) that qumone will combine 
with the SH group, and Fieser (8) has carried out a number of chemical studies 
demonstrating the same reaction with 2-methyl naphthoquinone Although 
the 2-methyl naphthoquinone was also shown to react with certain alcohols 
and ammo acids, it is interesting to note that Fieser concluded, “it is likely 
that methylnaphthoquinone can combine with proteins most readily by utiliza- 
tion of the sulfhydryl groups rather than the eamino groups ” In the case 
of the next compound, 9 10 anlliraqumone (No 4), no toxicity whatsoever 
could be observed (Table I), and it is obvious that the reaction postulated for 
qumone could not occur with this compound 

1 The toxicity observed clinically with high doses of this compound (8) may be 
due to interaction with succinic dehydrogenase or a similar enzyme The tenfold 
decrease m toxicity resulting from the introduction of one methyl group provides a 
explanation for the absence of clinical toxicity with natural vitamin K since it con- 
tains a long side-chain at the 3 position in addition to the 2-methyl group, and reac- 
tion with a sulfhydryl group is manifestly impossible 
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Turning now to the various quinols, it is seen that hydroquxnone (qumol) 
(No 5) is just as toxic as qumone under strongly oxidizing conditions. When 
oxidation is less because of succinate, the compound is less toxic than qumone 
This result, plus the data on qumone, proves that the action of succinate is 
twofold it protects the enzyme against the inhibitors directly, and it slows the 
conversion of reduced compound to the toxic oxidized form. Catechol (No 6), 
which 23 oxidized to the orthoqmnonc, further demonstrates this point Resor 
crnol (No 7), which is not autoxidizable and does not reduce cytochrome e, 
is not oxidized m this system. Thus it cannot be converted to the qumonoid 
structure and is completely non toxic 
A number of compounds m which the OH groups of the quinols are replaced 
by amino groups have as the key compound />-phenylenediamme (No 8), this 
is analogous to hydroquinone. A mixed compound is jfc-nmmopbenol (No 9) 
m which only one of the OH groups is replaced by — NHj The ortho structure 
is represented by o-phenyienediamine (No 10) Methyl groups can be sub- 
stituted for hydrogen on the nng or m the ammo groups (compounds 11 to 14) 
without loss in toxicity Compound 14 is not autoxidizable and gives no 
inhibition when its oxidation by cytochrome is hindered by sucanate. All of 
the toxic ammo compounds are oxidized to the qumonoid structure VanouB 
deviations which decrease the ease of conversion to the qumonoid structure 
result m great decreases sn toxicity This is most striking m the case of p~ 
anunoacetanilide (No 15) which is essentially non toxic and is not oxidized to 
the qumonoid structure in this system It may be contrasted with N methyf-A* 
phenylencdiamme (No 11) which has a very similar structure but is very toxic 
and is readily oxidized to the qumonoid dwmne Further illustration of this 
point is sulfanilamide (No 16) and ^ratrosochmethylaniline (No 17) which 
are not oxidized and the azotixed compounds R-aminoaxo benzene (No 18) and 
/Kbmethylaminoazobcnzene (No 19) The latter compound is quite insoluble 
in water and, when sulfonated lorms methyl orange (No 20) which is water 
soluble and much more toxic than its parent compound though it has less than 
1 per cent of the toxiaty of qumone It forms the qumonoid structure but is 
probably less toxic because of the size of the molecule. The same is probably 
true for methylene blue (No 21) which is toxic and possesses the qumonoid 
structure Cedrangolo and Adler (9) have shown that methylene blue will 
oxidize the SH of cysteine and glutathione and that it will inhibit tnosephosphatc 
dehydrogenase They suggested that the mechanism of the inhibition was 
interaction with the SH of the enzyme. A number of other oxidation reduction 
dyes have been shown (10) to be toxic for the succmtc system, with toxaaty 
being a function of the potential of the dye. Phenothiaxone (11) and pyo- 
cyanine (12) also inhibit succinic dehydrogenase All of the toxic compounds 
mentioned thus far possess the qumonoid structure. Although they might 
conceivably react with some group other than the SH group of the enzyme, the 
evidence seems to point to the SH group 
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However, it seems desirable to consider the effect of other compounds which 
are toxic but which do not possess the qumonoid structure A number of 
reagents have been used to titrate the SH groups of proteins such as egg albumin 
or to inhibit enzymes on the basis of interaction with SH The literature on 
most of these compounds has been reviewed by Heller man (13, 14) The com- 
pounds include iodine (No 22), lodoacetic acid (No 23), lodoacetamide 
(No 24), maleic acid (No 25), ^-chloro-mercuro-benzoic acid (No 26), and 
femcyamde (No 27) Several of these compounds have been shown to react 
stoichwmelrtcally with the SH groups of denatured egg albumin (3) but with 
varying degrees of completeness in the case of the native egg albumin It 
seems reasonable to conclude that they react with the SH groups of succinic 
dehydrogenase in a similar manner and that the latter are simply less accessible 
to these compounds than to qumone 

Many metalhc ions are known to react with sulfhydryl groups (2, 13, 14) 
Experiments with copper (No 28), zinc (No 29), and iron (No 30) are included 
m Table I The feme ion is much less toxic than zme and copper The latter 
is stoichiometrically equivalent to qumone, and the rate of inactivation is about 
the same The ability of copper to react with thiols has been amply demon- 
strated by Pine (15) who prepared a number of crystalline copper derivatives 
of SH compounds In addition to the heavy metal cations which react with 
thiols, certain anions will also combme with the SH grouping These are the 
selenite ion (No 31) and the arsemte ion (No 32) Bersm (16) reported that 
thiol compounds will combme with selenite, while Johnson and Voegthn (17) 
demonstrated their combination with arsemte The latter workers prepared 
a number of crystalline derivatives and postulated that the toxic action of 
arsemte is due to chemical combination with cellular SH compounds essential 
to life 

The above 32 compounds represent qumonoid structures, SH reagents, metal 
cations, and anions The most toxic compounds are quite similar m their 
action on the basis of rate of reaction, final inhibition, and effective molarity 
There can be little doubt that the common denominator of all these inhibitors 
is their reaction with the sulfhydryl group of succinic dehydrogenase The 
situation is similar to that with egg albumin, concerning which Anson (3) 
stated, “the SH group, however, is the only protein group known to react with 
both oxidizing agents and heavy metal compounds ” 

In the case of the studies with urease (6), it was concluded that the mech- 
anism of reaction between the SH groups and the inhibitors was more likely 
to be a combination rather than an oxidation of EnSH to En — S — S — En 
The same conclusion is reached m the present instance and, since the hne of 
reasonmg is the same, it need not be repeated here The inactivation by com- 
bination with SH probably occurs with all the qumonoid compounds, SH re- 
agents, metal cations, and toxic anions and is represented diagrammatically m 
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Fio 1 Schematic representation of the structure of succinic dehydrogenase on 
the basis of mutually txcliut w inhibitor reactions. The protein is succinic dehydrogen 
tw and PG represents its hypothetical prosthetic group 

I - (myroe showing the sucdnfc a ad activating center A is a sulfhydryl amino 
add e.g cystdne, in a peptide chain B and B' are the carbonyl affinity points e.g , 
— NH~ groups of adjacent peptide linkages capable of forming hydrogen bonds 
with the carbonyl oxygens. 

II cnzyme-sucdnlc acid complex In first stage of succinic aad oxidation 

ffi *» enxyme-sucdnfc aad complex in a possible intermediate stage of succinic 
aad oxidation 

IV •» enxyme-fumanc add complex resulting from the oxidation of suedme add 

V — enzyme-maionic add complex. Only the carbonyl affinity points are w 
voived Inhibition reversible. Enxyme-sulfhydryi skidded by m donate and 
thereby protected against sulfhydryl reagents. 

VI — enxyme-qutnol complex, as an example of inhibition by a sulfhydryl reagent 
(quinone) Analogous complexes formed with other qulnonoid compounds, thiol 
reagents thiols heavy metals artenite and selenite. 

Fig. 1, stage VI, using quinone as the inhibitor In the caw of urease, it was 
possible to prevent but not to reverse the inacti vation due to qumanzs by adding 
cysteine to the reaction mixture This fact gives further support to the 
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postulated mechanism However, such experiments are not possible with the 
present succinic system smce, in contrast to the urease system, cysteine is 
oxidized to a form which inactivates the succinic dehydrogenase as is shown in 
the next section 

Inhibition by Sulfhydryl Compounds — In the original experiments by Hop- 
kins et al (1, 2), it was found that R — S — S — R would mactivate succinic 
dehydrogenase and that RSH would restore the activity We have tested our 
succinoxidase system and have found that both cysteine and cystine inactivate 
the enzyme Reduced glutathione will cause some inactivation (see Table H) 
The apparent disagreement with Hopkins et al is only superficial, however, and 
is easily understood when the respective experimental techniques are consid- 
ered Hopkins and his coworkers added large amounts of the sulfhydryl com- 

TABLE n 

Inhibition of Succinoxidase by Sulfhydryl Compounds 


Substrate addition delayed for 30 minutes Egg albumin “molarity” is the cysteine 
molarity of the albumin used Test system as described in text Activity based on the 10 
to 40 minute period after addition of substrate 



Inhibition 

Inhibitor molarity 

Cystine 

Cysteine 

Reduced 

glutathione 

Egg albumin 


Natne 

Denatured 


per cent 

per cent 

per cent 

per cent 

per cent 

■ 


93 

18 

0 

0 

! . 


69 

0 

0 

0 

1 

51* 

55* 

0 

0 

0 


* Inhibition -oas zero when succinate was added originally 


pounds to washed muscle pulp, incubated the mixture, and then washed out the 
excess of soluble sulfhydryl compound on a Buchner funnel Thus, the SH 
compound was never present when the activity of the enzyme was being tested 
In our work, we used considerably less enzyme m much greater dispersion so 
that in fact it could not be washed on a funnel and recovered Thus, we add 
much less sulfhydryl and leave it in the final reaction mixture, where it is con- 
verted into the oxidized form Separate experiments m the absence of the 
enzyme show that RSH is oxidized by cytochrome c, and it seems highly prob- 
able that the free sulfhydryl radical RS must be formed as an intermediate m 
such a reaction even though it dimerizes rapidly to R — S — S — R (14) It seems 
more likely that the enzyme is inactivated by the formation of En — S — S — R 
than by oxidation to En— S — S — En (m Hopkins’ experiments as well as our 
own) In either case, the reactivation is undoubtedly due to the splitting of 
the disulfide linkage by RSH to reconstitute En— SH Table H also shows 
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that native egg albumin, which will not reduce cytochrome c, is non toxic at 
concentrations where cysteine is effective Denatured egg albumin has free 
SH groups which rapidly reduce cytochrome c, but due to stenc hindrance these 
oxidized SH groups cannot react with the SH of native succinic dehydrogenase 
as effectively as cysteine. However when the concentration of egg albumin, 
native or denatured, is raised to higher levels, succinic dehydrogenase can be 
inhibited This fact is perhaps analogous to the fact that large qulnonoid 
molecules are much less tone than qumone but are nevertheless tone (Table 1) 
The rate of inactivation of the dehydrogenase by the smaller eulfhydryl com 
pounds m the presence of cytochrome system is about the same as the In 
activation by copper, qumone and all of the other inhibitors which are believed 
to combine with the SH group of the enzyme. It is generally agreed that in 
activation of an enzyme by R — S — S — R is due to interaction with the sulfhy 
dryl of the enzyme (1, 2 13, 14) and such a conclusion is indicated here. 
Thus, inhibition of the enzyme by the oxidized sulfhydryl compounds appears 
to proceed by the same mechanism as in the case of the qxunonoid compounds, 
heavy metals, sulfhydryl reagents, arsenite and selenite. 

Inhibition by Ifalmiate — In contrast to all of the previously mentioned m 
hibdors which are believed to inactivate the sucamc dehydrogenase b> com 
brning with the SH group of the enzyme, ma Ionic aad appears to inhibit sue 
cmic dehydrogenase by an entirely different mechanism. Malonate is a strong 
inhibitor of the succinic dehydrogenase because it possesses two ■ — COOH groups 
and a configuration very similar to that of succinate (Iff, 19) Previous cx 
penmen ts with minced tissue or slices appear to be complicated by diffusion 
effects and require up to 0 025 m malonate to block the enzyme completely (20) 
According to Krebs and Eggleston (20), the inhibition is competitive, it 
does not depend upon the absolute concentration of malonate but on the ratio, 
suednate/roafonate These workers found an inhibition of 50 per cent when 
the ratio was 9.5/1 The data m Table IH confirm their observation that 
inhibition by malonate is competitive. However when these data ore used to 
calculate the suoanate/fura&rate ratio at the points of 50 per cent inhibition, 
one obtains values of 57 2 51 8, and 50 6 for the throe succinate concentrations 
employed These ratios represent a close approximation of the ratios between 
the dissociation constants for the enzyme-succinate and enzyme-malonate 
complexes and art about 10 times as high as those reported by Krebs and Eg 
gleston The difference lb probably due to the fact that m our preparation the 
enzyme is operating at maximum activity The data support the view that 
malonate nod socanate form similar dissociable complexes with sucamc de- 
h> drogennse and that the same affinity points are involved The nature of 
these complexes is illustrated diagrammaticaiiy m Fig 1, stages H (succinate) 
tmd V (malonate) That the affinity points involve the two carboxylic aad 
groups is indicated bs previous work (2, 18, 19) There is no evidence contrary 
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to the statement by Hopkins et al (2) that “malonic acid apparently es- 
tablishes no special relations with thiol groups ” 

Shielding Action of M donate — Hopkins et al reported that malonate and 
succinate would prevent the inactivation of succinic dehydrogenase by GSSG 
We have confirmed the protection by succinate against the SH inhibitors 
(Table I) and against cysteine and cystine (Table H) and now present evidence 
demonstrating protection of the enzyme by malonate against the action of 
quinone (See Fig 2 ) Si m il a r results were obtained with ^-phenylenedi- 
amine The data in Fig 2 also show the difference between the malonate and 
the qumone inhibition The results are expressed m terms of the Q 0i , and the 
observed rate for each 10 minute period is plotted against time The Q 0l value 

TABLE in 

Inhibition of Succmoxtdase by Malonate Ejjccl of Substrate Concentration 
Test system described m text Succinate and malonate both added prior to enzyme 
QOi calculated on basis of 1st 40 minutes 


Substrate 

concentration 

| Malonate concentration 

0 

VI/300 

lt/1,000 

ir/3,000 


Qo, 

Qoi 

<2o, 

Qq, 

m/15 

aid 

30 

61 

79 

m/20 

SKI 

24 

49 

74 

m/30 

mum 

13 

36 

63 


thus gives the amount of active enzyme present at any given moment A 
detailed examination of Fig 2 shows the following 

(a) Qumone inhibits progressively as shown in curve 2, with almost no 
inhibition originally and approaching complete inhibition after 60 minutes 
When the enzyme is not protected by succinate, the rate of inactivation is at 
least twice as rapid, as shown by curve 4 These results show that succinate 
protects the enzyme against qumone and that, when the quinone combines 
with enzyme, the combination remains inactive Apparently qumone can 
react only with enzyme molecules which are not combmed with succinate 

(b) Malonate exerts its action at once, and the per cent inhibition remains 
constant (curve 3), the inhibition is no greater when the malonate is incubated 
with the enzyme m the absence of succinate (curve 5) These results, together 
with the data in Table H, show that malonate forms a dissociable complex with 
the enzyme which is comparable to the true enzyme-substrate complex and, 
furthermore, that the same affinity points are mvolved for succinate and 
malonate, that is, malonate does not damage the enzyme but merely competes 
w th succinate for the succinate affinity points 

(c) Malonate can Drevent qumone from acting on succinic dehydrogenase 
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whether succinate is added at once (curve 6) or after on incubation penod 
(curve 7) Since the dissociation constant for the enzyme-roalonate complex 
xs only about one-fiftieth that of the enzyme-succinate complex (see above), 
the failure of qulnone to inhibit in the presence of malonate is probably due to 
the fact that there are virtually no uncombmed enzyme molecules available 



Flo 2 Shielding of su conic dehydrogenase by malonate against qumone. Rato 
of inactivation of sucanoxldase system {ix , rate of change in Qo,) as effected by 
malonate and qumone, separately and together with original and delayed succinate 
addition!. See Fig 1, stages I II, \ and VI for graphic interpretation of results 
Test system aa described ui text Final inhibitor concentrations rrokmate, n/3,000, 
qulnone, m / 50 Oon l control — neither inhibitor added, euednate originally present 
(Loss In enzyme activity Is negligible when succmate addition is delayed 35 minutes ) 
2 qumone and suednate oriqmaDy present 3 malonate and succinate originally 
present 4 quinone originally p-esent tucdnnte added 35 minutes later (rate dur 
mg next 10 minutes not plotted) 5 malonate originally present, succinate added 
35 minutes later (rate during next 10 minutes not plotted) 6, malonate, qulnone, 
end succinate original!} present 7 malonate and qulnone originally present 
tuconate added 35 minutes later (rate daring next 10 minutes not plotted) 

for the quinone to attack, that is the malonate shields the enzyme against the 
quinone Curves 6 and 7 could also be explained by assuming that malonate 
reacts with qulnone directly and thereby prevents It from exerting its effect. 
That such is not the case however, was proved by the following experiment 
which was suggested by previous experiments with urease (6) showing that this 
enzyme is very sensitive to qumone urease was tested with malonate and 
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qumone since, if the action of malonate m the succinic dehydrogenase system 
were due to reaction with qumone rather than combination with the dehydro- 
genase, it should also protect urease against quinone The results showed that 
malonate does not inhibit urease and therefore has no affinity for this enzyme, 
and furthermore, it has no ability to protect urease agamst the action of 
quinone 

DISCUSSION 

The data presented above deal with the inhibition of succinic dehydrogenase 
by a group of diverse substances which are believed to act by combining with 
the SH group of the enzyme, and m contrast to these, a compound, malomc 
acid, which is believed to act by competing for the carboxylic acid a ffini ty 
points which form the basis of the succinate-enzyme complex These funda- 
mentally different mechanisms of combination may be shown schematically as 
in Fig 1 1 in which quinone as an example of the SH inhibitors is shown m com- 
bination with the enzyme SH group (stage VI), while succinate and malonate 
combine with the enzyme on the basis of their — COOH groups (stages H 
and V) 

Experimentation with inhibitors whose action is mutually exclusive seems to 
afford one of the most promising approaches now available for the study of the 
stereochemistry of enzymes Though other possibilities most certainly may 
exist, it is difficult to explain the ability of malonate to protect succinic dehy- 
drogenase against qumone in any terms other than those depicted m Fig 1, m 
which the SH group is located between the carboxyl affinity points in such a way 
that, when malonate or succinate is combined with the enzyme, the SH group 
is shielded agamst attack by the SH reagents 

Hopkins el ad demonstrated three facts of paramount interest to this prob- 
lem (<j) malonate will protect active succinic dehydrogenase against inactiva- 
tion by GSSG, ( b ) enzyme which has been inactivated by treatment with GSSG 
may be reactivated by treatment with GSH, and (c) malonate will not prevent 
GSH from reactivating enzyme which has been inactivated by GSSG These 
authors were unable to explain these seemingly paradoxical results and stated 
only, "That malomc acid protects from GSSG so completely and from GSH 
not at all suggests structural relations which may prove instructive ” We 
believe that their observations constitute a contribution of fundamental im- 
portance which our own work confirms 2 and extends Furthermore, on the 
basis of the concept illustrated in Fig 1, it is easy to see why the results of 
Hopkins were obtained if the SH group is located between the carboxyl 
affinity points, it is obvious that neither succinate nor malonate could ap- 

2 We do not present data on reactivation of GSSG-mactivated enzyme by GSH 
and the effect of malonate upon this reaction because of technical differences be- 
tween our preparation and that of Hopkins 
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proach the carboxyl affinity point* (B and BO when the enzyme is combined 
with an SH reagent while, on the other hand, if the enzyme is combined with 
succinate or malonate, the SH reagents cannot approach and react with the 
SH group 

While it is impossible to provide an answer as to the possible nature of the 
enzyme groupings which constitute the carboxyl affinity points, it is interesting 
to attempt a reconstruction of a peptide chain containing cysteine as the SH 
bearer When this was done with accurate (EBrschfelder) atomic models, it 
was found that the — NH — groups adjacent to cyst e me were opposite the car 
bonyl oxygens of the carboxyl groups while the SH group fell between the 
— CHi — groups of succinate. In the case of malonate, the carbonyl oxygens 
a gam approximated the — NH— groups, but the * — CHj — group was directed 
away from the SH, and both hydrogen atoms were on the side away from 
the SH. 

The remainder of Fig 1 is pure speculation but, since the structural relations 
shown in stages I, H, V, and VI seem to fit so well with the facts, it seems plaus- 
ible to suggest that the location of the SH of the enzyme is of functional signifi- 
cance, t c , that it is involved in the actual mechanism of oxidation of sucanate 
as is indicated In stages H, III, and IV According to this concept, the enzyme 
would function by oscillating between the EnSH and EnS forms, rather than 
between the thiol and disulfide forms. Sucanate would be oxidized to the free 
radical monodehydrosu ccinate in the first step of the oxidation, which would 
proceed m accordance with the principle of compulsory univalent oxidation 
described bv Michaelis and S my the (21) The electron might pass to the 
prosthetic group of the dehydrogenase intramolecularly without the mterme 
diate dissociation of the semioxidixed sucanate. The idea of intramolecular 
electron transfer through a protein is not new but has been discussed by Muller 
(22) and by Szent Gyorgyi (23) in general terms. The second electron would 
be disposed of m the same manner as the first, and the two hydrogen atoms 
would enter the medium as hydrogen ions. Thus the mediation between the 
two-electron dehydrogenation of the substrates and the one-electron transfer 
of the cytochrome system could be accomplished. 

Whether the above concept is correct or not will re mam for future research to 
ascertain. At any rate, the fact that the enzyme in the disulfide form (whether 
this be En — S — S— En orEn — S — S — R) cannotbe reduced by succinate seems, 
In view of the evidence presented in this paper no longer to be a sufficient basis 
for the elimination of the SH groups from the oxidative mechanism of succinic 
dehydrogenase The concept that the function of this enzyme involves the 
alternate oxidation and reduction of EnSH and En — S may provide the 
explanation for the rflle of thiol groups in the mechanism of hydrogen trans- 
fer which has been the goal of Hopkins since his discovery of glutathione 
and for which his papers on su conic dehydrogenase appear to have opened 
the way 
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SUMMARY 

1 The mechanism of succinic dehydrogenase action was studied by means of 
inhibitors 

2 The enzyme is inhibited by a large number of diverse compounds whose 
only common denominator appears to be their ability to react with SH groups 
These compounds include quinonoid structures, sulfhydryl reagents, sulfhydryl 
compounds, copper, zinc, selemte, and arsemte 

3 In contrast to the above inhibitors, the action of malonate does not appear 
to involve sulfhydryl groups and is explained on the basis of its affinity for the 
enzyme groups which react with the carboxyl groups of succinate 

4 The action of malonate and the sulfhydryl reactants is mutually exclusive, 
and this fact suggests the conclusion that the sulfhydryl group of the enzyme is 
located between the carboxyl affinity points 

5 On the basis of the deduced structure of the succinate-activating center of 
the enzyme, it is suggested that the enzyme may function by oscillating between 
the EnSH and EnS forms, rather than by a thiol-disulfide equilibrium 
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L REVIEW or THE LITERATURE 
1 Nature and Experimental Variation 

Hfldebrandt (1893), Camus and Gley (1897) and Land sterner (1900) were the first 
investigators to observe that normal serum markedly Inhibits the action of trypsin 
and of yeast proteases. Opie (1905) and Jochmann (1908) demonstrated its ability 
to inhibit leucoprotease. Study of numerous species of animals (Launoy, 1919) 
showed antiproteolytic activity to be a constant property of mammalian and bird 
serum, but innumerable investigations have as yet led to little success in the identifies, 
twn of the substance or substances responsible for this property 

The earliest, and still prevalent, theory of the origin of serum antiprotease is that 
it is a protective antibody formed by the bodv against proteolytic ferments emptied 
into the blood stream. This idea had Its inception in the wort of Achalme (1901) 
and Meyer (1909), who reported an in create in the anti proteolytic’ activity of serum 
in response to mtra peritoneal injection of trypsin into guinea pigs. This finding was 
refuted by some Investigators (ej Bergell and Schutxe, 1905, Young, 1918) but 
confirmed and extended by Jochmann and Kantorowicx (1908), who demonstrated 
a rise In activity following subcutaneous injection of leu coprotease into rabbits, and 
who concluded from this that leu coprotease serves as the normal antigen in response 
to which ontiprotense is produced 

Others (e g , von Bcrgmana and Gulecke 1910) postulated that the pancreas rather 
than the leucocytes supplied the hypothetical protease antigen, and offered evidence 
that the antiproteolytic activity on the serum increases following implantation of the 
pancreas into the peritoneal cavity 

This seemed to be supported by the work, of Cobliner (1910), who showed that 
serum antiproteolytic activity decreases considerably following extirpation of the 
pancreas. 

Indirect evidence against the antibody theory has come from Landstoner’s re 

•Henry Strong Denison Scholar for 1941-42 

l The term 'antiproteolytic'’ is here used to represent the ability to inhibit many 
animal and plant proteases which are active at about neutral pH. Trypsin is the 
protease used in this and most other experimental work, but Inhibition of leu copro- 
tea sc and of other proteolytic enzymes has repeated!} been demonstrated 
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peatedly confirmed observation (1900) that antiprotease activity is a property of the 
albumin fraction of serum, whereas antibody activity is a property of the globulin 
fraction Furthermore, there is general agreement that increased enzyme inhibiting 
action of serum, when it occurs, rarely exceeds three or four tunes the original degree of 
inhibition, in contrast to true antibodies, which increase to the extent of thousands 
of times the original antibody content of the blood m response to injections of antigen 

Impressed by these considerations, and by his discovery that charcoal inhibited 
trypsin by adsorbing it, Hedin (1906-07) attempted to prove that serum exerted its 
antiprotease action by adsorption of the enzyme, supposedly by serum albumin 
Many of the more recent workers, notably Banting and Gairns (1930), Fine (1931), and 
Chrometzka (“neurohormonal regulation” theory, 1932) have accepted Hedin’s idea, 
largely on theoretical grounds But Hanson (1918) was unable to find any variation 
in the concentration of serum protein when the antiproteolytic activity of the serum 
was doubled, or even tripled 

A third group of workers followed the lead of Schwartz (1909) and Bauer (1910), 
who observed that after serum antiproteolytic activity had been “extracted” with 
ether, it could be restored by the addition of lipoids to the serum This group at- 
tempted to prove (Jobling and Petersen, 1914) that the antiproteolytic activity of 
serum is due to its content of unsaturated fatty acids They demonstrated that 
unsaturated fatty acids have an inhibitory action on trypsin or leucoprotease which 
is proportional to their iodine values and which can be destroyed by saturating then 
double bonds But that lipoids are not concerned in the antiproteolytic power of 
serum was shown by Meyer (1909), Cobhner (1910), and Teale and Bach (1919-20) 
They demonstrated that lipoid solvents destroyed rather than extracted serum anti- 
pro tease, that hpoid solvents had no such effect on dried serum, and that the kinetics 
of the action of unsaturated fatty acids on trypsin is very different from that of serum 

A fourth line of investigation was opened by Bayhss’ discovery (1904), (confirmed 
by Abderhalden and Gigon (1907)) that trypsin is inhibited by the products of protein 
digestion Bayhss assumed that ammo acids were responsible This led Rosenthal 
(1910) to suggest that serum owes its antiproteolytic action to its ammo acid content 
(“amino acid theory”) But Walters (1912) and Northrop (1921-22) showed that 
the ammo acids themselves have little, if any, effect on tryptic action Northrop 
demonstrated that some other constituent of the digest mixture, (unidentified, but 
apparently a polypeptide), is responsible, combining reversibly with trypsin in ac- 
cordance with the law of mass action Shortly afterwards (1922-23) Hussey and 
Northrop observed that the antitrypsin of normal serum behaves quantitatively like 
the trypsin inhibitor produced during the tryptic digestion of proteins More recently 
Northrop and Kumtz (1932-33) have isolated a polypeptide trypsin inhibitor from 
the pancreas, and Schmitz (1938), employing their method, has extracted from beef 
blood small amounts of a substance resembling pancreatic trypsin inhibitor 

2 Physiological and Pathological Variation 

Widespread attention was first drawn to variations in the antiproteolytic activity 
of the ser um by the observation of Bneger and Trebmg (1908) that this activity 
increases markedly in the presence of malignant tumors This was repeatedly con- 
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finned, and ms, for a time unfortunately used as a diagnostic test for malignancy 
However It was not long before a similar increase was observed In many cases of acute 
infection, especially if accompanied by high fever (Hort, 1909) anemias (Brenner 
1909) late syphilis (Fuerstenberg and Trebing 1909), tuberculosis and hyperthy 
roidism (Waclli 1912), organic diseases of the central nervous system (Bolten, 1918), 
anaphylaxis (Pfeiffer and Jansdh, 1913) proton shock, therapy (Jobling and Petersen, 
1914) x my umdition (Kerzgor 1924) pregnancy (G rtf en berg 1909), especially when 
complicated by eclampsia, after very severe muscular exerase (Preti, 1912) and just 
before menstruation (Darnel and Flo nan, 1935-36) An increase after meals and ft 
decrease during starvation have been reported by G larmier (1903) Rosenthal (1910) 
and Remedi and Bolognesi (1911) The significance of these variations in the anti 
proteol> be activity of the blood has been little understood although speculation has 
been nfe. It has been regarded by many as an Indicator of cachexia especially in 
chrome diseases. 


H. DATA ON EXPERIMENTAL VARIATION 

1 Determination of Antiproteolytic Admty 
It has been shown (Robertson, 1912) that the refractive index of a solution 
of sodium caseinate is unaltered by tryptic digestion. It is possible to esti- 
mate the extent of hydrolysis m such a solution by precipitation of the undi 
gested casern and determination of the refractive index of the filtrate. The 
amount of casern digested is proportional to the difference between the index 
of refraction of this filtrate, and that of a control filtrate, from which the 
casern is precipitated at once 

The antitryptic action of a given serum may be measured by its suppression 
oi casern digestion as compared with a similar solution m which the serum is 
replaced by saline (Robertson and Hanson, 1918) 

The contribution of the serum protein to the substrate (a factor neglected 
by Robertson and Hanson) may be corrected for by a third digest solution 
which contains an equal amount of serum whose antitryptic activity has been 
entirely destroyed by heat (serum diluted and heated at 80° C for 10 minutes) 
The contribution of the trypsin to the index of refraction (aside from its en 
zymabc activity) may be corrected for by adding trypsin to the control whose 
casein is preapitated at once. 

The refractometnc measurements indicate the extent of protease but not of 
peptidase activity and hence will allow investigation of the antiprotease action 
of serum only However Jobling, Petersen, and Eggstein (1915) have dem 
onstrated the absence of antipeptidase activity by the serum In fact the 
serum contains a small amount of active peptidase (Jobling and Strouae 1912) 
The formula derived by Robertson and Hanson (1918) for the determination 
of the antitryptic activity of serum has been found by Fine (1931) and others 
to provide only an approximation of the true value, and to be quite unreliable 
when the concentration of serum is below 10 per cent. 
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The following derivation of a formula for antiproteolytic activity, based on 
Hussey and Northrop’s convincing demonstration (1922-23) that tryptic 
protease and its inhibitor in serum combine reversibly in accordance with the 
law of mass action (the inhibitor serving as a "buffer” of the enzyme), may 
perhaps more accurately serve the desired purpose 

If we assume that one molecule of tryptic protease ( T ) combines reversibly 
with one molecule of serum antiprotease (A ') to form one molecule of protease- 
antipro tease compound ( TA ') 

T + A' ;=± TA' 

By the law of mass action 

Ct X Ca' „ 

p = a 
Cta' 

If E = concentration of total trypsin (free and combined) 

T =■ concentration of free (and hence active) trypsin 
A ■= concentration of total antiprotease (C A > -f C TA >) 

We may rewrite the equilibrium equation as 

(T)(A - (E - T )) „ 

Y^T ~ k 

or 

A - (E - T) (l + 

The value of E is known T is calculated from the experimental results 
with the aid of Schutz’s “law” 

X = k's/T (at constant incubation time) 
where X ■= amount of protem digested 

and T = concentration of free enzyme 

Table I illustrates the calculation The total volume of each solution was 
3 cc In each serum-added series the serum was at 1 33 per cent concentration 
All mixtures were at pH 8 (phosphate buffer), and were incubated for 4 hours 
at 37°C The undigested casein of each was precipitated with acetic acid and 
filtered off The index of refraction of each filtrate was then determined 
These readings were corrected as previously described 

It is seen that complete digestion of 50 mg /cc of sodium casemate resulted 
in an increase in the index of refraction of the solvent of 0 0064 units, so that 
an increase of 0 0001 unit corresponds to the digestion of 0 78 mg / cc of casern 
This enables easy calculation of X, the concentration of digested casern, and 
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of ^ 7 = » 15 seen to be constant, (until excess enzyme was added) Since 
X control \ serum 

— VE — 13 -\/t' * ~ 15 calculated zor each concentration of enzyme 

This leaves two unknowns m the equilibrium equation, A and K A is constant 
for any one serum so that values for £ and T can be entered for two different 
enzyme concentrations (calculated for T > 0 0002 mg /cc., since concentre 
tions of active enzyme smaller than this were considered negligible), and K 
determined by eliminating A by subtraction. This was done for se\ eral sere, 
and K was relatively constant at 0 0018 Using this value for K, A was 
calculated for these and other sera, and was constant for each serum (within 
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the error of the index of refraction — about 5 per cent) regardless of the con- 
centration of enzyme. 

A represents the concentration of serum antiprotease In the digest mixture. 
It cannot be expressed in grams or other definable unit The law of mass 
action is defined in molarity, but since it is not possible to accurately express 
concentration of trypsin or casern in moles, milligrams per cubic centimeter 
were used throughout, resulting in a change in. the constants but not m the 
validity of the equation. The concentration of antiprotease m the serum can 
be represented as 


5 - 


A 

C 


where 5 ■“ concentration of antiprotease m serum (umts/cc) 

A — concentration, of antiprotease In digest mixture (unlts/cc.) 
C - cc of serum in t cc of digest mixture 
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Chart 1 The effect of serum on trypsin 
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than the limit of accuracy of the measurement) Measurements over a wider 
range, however, show relatively more activity at low concentration than at 
high, in accordance with the law of mass action. 

In Chart 1, the values for T and E given m Table I are plotted against each 
other Similar curves, of varying initial slopes, were obtained for the many 

A F. 

other sera studied It is evident that the extent to which ^ (* c * slope 


of the curve) ex ceeds 1 is dependent on the concentration of antiprotease 
present. When T is small compared to E, x t when small amounts of trypsin, 
are acting m the presence of serum, (E~T r ) approaches E, and A becomes pro- 


portional to producing a straight line curve whose slope 


is proportional 


to the concentration of antiprotease As E increases, T increases, and the 
reaction 


T+A zzTA' 


is driven toward the right The concentration of free antiprotease approaches 
zero, and the curve approaches a straight line with a slope of 1, increments of 
E producing equal increments of T The shape of the curve reflects the fact 
that the greater the concentration of trypsin, the less is the per cent inhibition, 
despite the higher total concentration of trypsin inhibited 
The calculation of 5 with the aid of the above formula is not limited to the 
refractometric method of following digestion but should be equally applicable 
to any method that measures protease activity 


2 Procedure and Results 

Reports on the variation of antiproteolytic activity ra response to injection 
of trypsin have been far from unanimous This may m large part be due to 
failure to appreciate that normal variations m antiproteolvtic activity are 
constantly occurring that different samples of equally active crude trypsin 
are frequently inhibited to different extents by the same serum (Young, 1918), 
and that the choice of method has a very important effect on the results ob- 
tained (Fine, 1930) 

Hanson (1918) reported that the normal variation in anti tryptic activity of 
the serum of several rabbits over a period of weeks was approximately 50 per 
cent. He also reported that subcutaneous injection of large amounts of crude 
trypsin resulted in a marked fall m the antitryptic activity, followed, if mjec 
tion was continued, by a me within a few days. This rarely exceeded three 
times the average normal variation during a similar period Then, despite 
continued injection, a rapid return to the normal range occurred. These re 
suits have been confirmed by some workers, and refuted by others 

The effect on the antitryptic activity of the following procedures was studied, 
and it was hoped that this might not only indicate the existence and magnitude 
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of a response to trypsm, but might also furnish a clue to the mechanism of the 
action of trypsm and to the nature of the antitryptic substance (1) Intra- 
muscular injection of trypsin (2) Intravenous injection of trypsm (3) 

TABLE in 


Daily Normal Variation in Antiproteolytic Activity 



TABLE IV 

Response to Intramuscular Injection of Trypsin (25 Mg /Day, 2 5 Cc of 1 Per Cent Solution in 
0 85 Per Cent NaCl, Seitz Filtered, Sterile) 

Rabbits 1-6 Daily injection of actn e trypsm for 52 days 
7 and 8 Daily injection of active trvpsm for 30 days 



Oral administration of trypsm (4) Denatured trypsm, (a) administered in- 
tramuscularly, ( b ) administered intravenously, (c) administered orally 

In addition, the local reaction to trypsm injection was studied at different 
blood levels of antiproteolytic activity 

The results obtained are recorded m Tables HE- VTI Antiproteolytic activ- 
ity is expressed in S umts/cc of serum Crude trypsm (Fairchild) was used 
throughout 



























TABLE V 

Response to Oral A dot frustration of Trypsin ( ZOO Jig /Day no Stomach Tube) 
Rabbit 1-4 Dath administration of active trypsin for 4 days. 

5 and 6 Dail> administration of active trypsin for 8 days. 

7 and 8 Bally administration of denatured trypsin for 4 days. 
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TABLE VI 

Res pons t to Intravenous Injection of Trypsin (50 Mg /Day) 


Rabbits 1-3 Daily injection of active trypsin for 15 days. 
4 and 5 Daily injection of denatured trypsin for 15 days. 
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TABLE Vn 


Local Reaction 24 Hours after the Subcutaneous Injection of Trypsin (25 Mg ) (2J Cc of 

I Per Cent Solution in 0J5 Per Cent A aCJ Soils Filtered) at Different Blood Lords of 

A ntiproleoljik Admiy 
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m DISCUSSION 

The results recorded in the tables are reproduced in part in Charts 2 to 4, 
and they show the following 

1 Daily variations in antiproteolytic activity of approximately 20 per cent 
may be considered to be normal, so that experimental variations must exceed 
this m order to be significant There is not sufficient data to evaluate the 



Chart 2 Response to intramuscular injection of trypsin 

average variation over days and weeks, but there is strong indication that this 
rarely exceeded 50 per cent of the average value 
2 Daily intramuscular injection of a solution of 25 mg of crude trypsin 
produced little significant change m the antiproteolytic activity for about the 
first 11 days Following this period the activity gradually increased, reached 
a m aximum (representing an increase of from 70 per cent to 250 per cent over 
the average normal value) at about the 4th week, and then declined during 
the next 10 days to a value which was only about 40 per cent to 120 per cent 
above the average normal, and remained relatively fixed at this level during 
the next 2 weeks If the injections were stopped when the antiproteolytic 
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activity was at its height, the activity fell off much more sharply than if injec 
tion were maintained, and returned to the normal range within a week- Ceasa 
tion of injections at the 52nd day also resulted m return to the norm in less 
than a week- The intramuscular injection of denatured trypsin did not have 
any significant effect on the antiproteolvtic activity of the serum. 



Chakt 3 Response to oral administration of trypsin 

3 Daily oral administration of 200 mg of trypsin resulted in a rapid rise 
in antiproteolytic activity within the first day or two, which was maintained 
dunng the 4 or 8 days of administration and which returned to the normal 
range within a week after this was stopped Denatured trypsin had no 
such effect. 

4 Daffy intravenous injection of 50 mg of trypsin produced no variation in 
activity comparable to intramuscular or oral administration. Denatured 
trypsin was likewise without effect. 

5 The subcutaneous injection of 25 mg of crude trypsin into animals at 
different blood levels of antiproteolytic activity resulted m the production of 
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ulcers varying from 6 mm 2 m area to large sloughs up to 1000 mm 2 m area 
Microscopic examination of the underlying subcutaneous tissues showed m- 

MM 2 



flammation and necrosis, correspondmg m seventy to the size of the ulcer 
Companson between the size of the ulcer and the antiproteolytic activity of 
the serum shows a rough inverse correlation (in the four animals studied) be- 
tween the activity of the serum of any one rabbit and the size and severity of 
the ulcer m that animal, low antiproteolytic activity being associated with a 
severe local reaction, and vice versa 
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The experimental results outlined abose strongly indicate that an antipro- 
teolytic response to trypsin occurs only when the enzyme is active, and when it 
is administered to the animal m such a way os to allow enzymatic action to 
occur The m effectiveness of intravenous injection of Irypsm could well be 
explained by the prompt neutralization of the enzyme by the antiproteolytic 
action of the circulating blood and it* maintenance in inactive combination due 
to the excess of antiprotease. The decline in antiproteolytic activity after a 
maximum has been reached as a result of daily intramuscular injection could 
also be explained by decreased proteolysis by the enzyme, here resulting 
from the increased neutralizing action of the blood, and hence of the exudate 
that responds to the local necrotizing action of trypsin. 

The work of Baybas (1904) demonstrating that trypsin is inhibited b> the 
products of protein digestion, and of Northrop (1921-22) identifying the tryp- 
sin inhibitor as a polypeptide, has already been referred to The results of 
experimental variation of antiproteolytic activity that have been described are 
compatible with this mechanism of antiprotease production They suggest 
that the products of protein hydrolysis in the intestine and parenterally are 
an important factor m the antiproteolytic activity of the serum These pro- 
ducts are most likely polypeptides similar to the trypsin inhibitor produced tti 
vitro by Northrop The rapid m crease m serum antipro tease following oral 
administration of trypsin does not contraindicate a polypeptide inhibitor 
since the intestinal absorption of peptides, and even of small amounts of larger 
molecules, is now recognized (Sussman ei al , 1928) 

If the above mechanism of antiprotease production is true, it would be ex 
pected that oral administration of trypsin to animals deprived of food would 
produce no nse m antiproteolytic activity Two rabbits that were bo studied 
after 4 days of starvation showed no increase m serum activity after 3 days of 
trypsin per os (200 mg /day) Unfortunately, they died on the 8th day of 
starvation, so that the experimental results are only suggestive. 

The physiological and pathological variations in the antiproteolytic activity 
of the serum that have been reported are not at variance with a 1 proteolytic” 
theory of the ongm of this activity The postprandial increase in activity and 
the decrease that occur* during starvation (Glaessner, 1903, Rosenthal, 1910, 
and Remedi and Bologneai, 1911) would be attributed to the r6le that intestinal 
digestion of proteins plays m the production of the antiprotease. The pro- 
teolytic enzyme* that are abundant in placental tissue (Mueda, 1923) would 
be responsible for the m crease during pregnancy The increase in hyperth> 
roidism (WaelU, 1912), in many cases of acute infection with high fe\er 
(Hort, 1909), and after very severe muscular exercise (Preti 1912) would be due 
to increased protein catabolism which might also result in. the formation of 
antiprotease That the marked nse accompanying malignancy may well be 
due to resultant tissue necrosis and autolysis is supported by the observation 
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of Raab (1935) that the increase of serum antiproteolytic activity m malignant 
disease is rougly proportional to the degree of disintegration and proteolysis 
in the tumor The importance of tissue autolysis m pathological mcreases of 
antiproteolytic activity has been emphasized by Meyer (1909), by Braunstem 
and Kepinow (1910), who increased serum activity by injecting intravenously 
the products of autolysis of tumors, liver tissue, and other protein-nch 
substrates, and by Opie, Barker, and Dochez (1911), who showed that sub- 
stances such as chloroform, which cause necrosis of liver cells, cause a parallel 
increase m serum antiproteolytic activity Finally the increased serum anti- 
protease observed in advanced tuberculosis (Waelh, 1912), and in other condi- 
tions associated with “cachexia,” may perhaps be due to the increased protein 
catabolism associated with the wasting that is a prominent feature of these 
conditions 

That the increase in antiproteolytic activity in many of the above conditions 
might, at least in part, be due to decreased serum protease, rather than in- 
creased antiprotease, is contraindicated by the work of Falls (1915) and of 
Jobkng, Petersen, and Eggstem (1915), who have reported that serum protease 
mcreases in many of these conditions 

The possibility that antiprotease is an antibody produced m response to 
trypsin is rendered highly unlikely by the nature, magnitude, and variation of 
the antiprotease response Nevertheless, precipitin tests between the serum 
of rabbits, before and after trypsin injections, and various dilutions of trypsin 
were performed Outside of a weak precipitin reaction with serum of animals 
that had received trypsin intravenously they were all negative, and the posi- 
tive precipitin reactions showed no parallelism to antiprotease activity It 
is furthermore probable that the antibodies that were observed were produced 
not m response to trypsin, but to other proteins m the crude trypsin, particu- 
larly smce TenBroeck (1934) was unable to obtain positive precipitin reactions 
following injection of crystalline trypsin, although he obtained positive Dale 
anaphylactic tests And that such antibodies are responsible for the anti- 
tryptic activity of the serum and for the ability of injected rabbits to neutralize 
the local action of trypsin, as was believed by Achalme (1901) and by Young 
(1918), seems very unlikely in view of the great dissimilarity between the anti- 
protease response to trypsin, described above, and the antibody response to 
the enzyme, described by TenBroeck 

Northrop (1929-30) has discovered that when pepsin is injected into an ani- 
mal it is almost immediately denatured, so that the antibodies which result 
are largely antibodies to the denatured pepsin That this is probably not 
true m the case of trypsin is indicated by the failure of the precipitin reaction 
to become any more positive when denatured instead of active trypsin is 
employed 

Animals to whom trypsin had been previously administered did not show 
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increased response when they received the enzyme again at a later date (by 
any route) 

A few findings present objections to the “polypeptide” theory of serum anti- 
protease Benetato, d al (1937) have reported an inverse relationship be- 
tween serum antiproteo lytic activity and serum non protem nitrogen. How 
ever, this work is at least partly refuted by the observations of Shono (1933), 
and, In any event, awaits confirmation More senous objection is raised by 
the fact that serum antiprotease is not dialyzable, and is destroyed by heating 
serum (after dilution to prevent coagulation) at 80°C for 10 minutes (FujT- 
moto, 1918), neither of which would be expected if it were a simple polypeptide. 
This would be explained, however if the evidence advanced by Loiseleur and 
Colhard (1937) that polypeptides in the blood are normally adsorbed to the 
plasma proteins is confirmed, and is shown to apply to serum antiprotease 
Attempts which were made to dissociate such a combination by lowering the 
pH of the serum (or of the plasma, which has the same antiproteoly tic activity) 
below 3, at which pH the compound of trypsin and pancreatic trypsin inhibitor 
dissociates, resulted m an irreversible loss of antiproteolytic activity (This 
may perhaps explain the small yield of crystalline antitrypsin obtained by 
Schmitz’s method of extraction ) Some clue to the situation may be offered 


by the finding that when crystalline pancreatic tiypsin-mhibitor (prepared after 
the method of Northrop and Kunitz, 1932-33) or crystalline serum antitrypsin 
(prepared after the method of Schmitz 1938) was heated at 80°C for 10 
minutes, it retained its activity, but the addition of a small amount of serum 
(and to a lesser extent, of serum albumin) resulted in a marked loss of activity 
on heating. Experiments investigating the effect of serum and of serum al 
b n mm on the dialyzability of the above crystalline compounds were unfortu 
nately inconclusive However, Mfclha (1932) has reported that he was able 
to free trypsin from the trypsin-serum antiprotease combination by dialysis 


of the antiprotease. 

Since senlm antiprotease is not dialyzable, it should not be freely diffusible 


In the body except when inflammation, or other pathological process, increases 
capillary permeability Such has been found to be die case Thus Fazio 
and Chmrolara (1910) have reported the absence of antiprotease from normal 
serous fluids and from most transudates, while Weinberg and Laroche (1909) 
have demonstrated its presence in exudates. Muller (1907) was the first to 


show the absence of antiprotease from normal cerebrospinal fluid, and Dochez 


(1909) the first to show its presence dunng meningitis. The latter’s findings 
have been more recently confirmed by Kaplan et al (1939), who also found 
antiprotease In the cerebrospinal fluid of patients with brain tumors invading 
the meninges or ventricles. (According to Walter (1929) only such tumors 
as these increase the permeability of meningeal capillaries.) The presence of 
a small amount of diffusible antiproteoly tic substance in normal urine has been 
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reported by Fujimoto (1918), while numerous workers (eg, Schippers, 1911) 
have reported the appearance of large amounts of antiprotease m pathological 
urine, especially in nephritis 


IV SUMMARY 

1 An equation is derived for the calculation of a constant which, expen- 
mental results indicate, may be a more reliable mdex of the antiproteolytic 
activity of serum than those equations hitherto used 

2 (a) Intramuscular administration of tiypsm resulted m a slow rise in the 
antiproteolytic activity of the serum, followed by a lesser decline (b) In- 
travenous administration resulted in no appreciable variation (c) Oral 
administration resulted in a rapid rise, which was sustained during the 
period of administration (d) Intramuscular, intravenous, or oral administra- 
tion of denatured trypsm resulted m no appreciable variation (e) The ex- 
tent of the local necrosis following subcutaneous injection of tiypsm varied 
inversely with the antiproteolytic activity of the serum 

3 The experimental results mdicate that the products of protein hydrolysis 
in the intestine and parenterally are an important factor in the antiproteolytic 
activity of the serum They also mdicate that antibodies to tiypsm are not 
an important factor m the antiproteolytic activity of the serum 
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H. Physiological Significance. The Influence or Purified Trypsin 
Inhibitor on the Coagulation of the Blood 
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Morawitx (1904) originally suggested, and Eagle and Hams (1937) have pre- 
sented considerable evidence that, in the course of physiological coagulation, 
calcium plus thromboplastic substance constitute an enzyme system, analo- 
gous to trypsin and to several other proetolytic enzymes This enzyme system 
is believed to be responsible for the transformation of prothrombin to throm 
bin, which itself is thought to be a proteolytic enzyme that accelerates the 
transformation of fibrinogen to fibrin (as first suggested by Schmidt, 1892) 

In view of the evidence for this mechanism, it was suspected that serum anti 
protease might normally play some rdle in the process of coagulation This 
was investigated by studying the effect on coagulation not only of purified 
serum antiprotease (prepared after the method of Schmitz (1938), which pro- 
vided a yield of 40 mg from 5 liters of pig's blood), but also of crystalline pan- 
creatic trypan inhibitor (prepared from beef pancreas after Northrop and 
Kunitz (1932-33)) which is believed by Schmitz to be almost identical with 
the serum compound, and which can be ob tamed in far greater amounts. 

The effect of varying amounts of 0.5 per cent solutions of these preparations 
(at neutral pH) on the clotting tune of oxalated rabbit’s plasma, recalafied 
with an optimum amount of Ca ++ (as determined in Table I), is recorded In 
Table II The clotting tune was taken at 37°C as the time between the addi 
tion of the Ca 44 " and the formation of a dot firm enough not to move down 
standard Watsermann tubes (run in duplicate) when these were inverted It 
is seen that some substance in these preparations rs capable of markedly in 
creasing the coagulation tune. Control tubes showed that ammonium sulfate, 
from which the preparations could not be entirely freed, was not important m 
this respect. 

Table HI describes the effect of adding increasing amounts of crude trypsin 
to plasma to which serum antitrypsin or pancreatic trypsin inhibitor had been 
added and the resulting solution allowed to stand for 15 minutes before the 
addition of Ca 4-4 (It was found that a time interval elapsed before the anti- 

* Henry Strong Denison Scholar for 1941-12 
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coagulant action was complete ) It is observed that the effect of the tiypsm 
was to progressively neutralize the effect of the tiypsm inhibitor preparation 


TABLE I 


Optimum Concentration of Ca ++ 


Oxalatcd 

plasma 

l per cent 
CaClj 

0 5 per cent 
Pancreatic 
trypsin 
inhibitor 

0.5 per cent 
Serum 
antitrypsin 

0 1 per cent 
Crude trypsin 

0 85 per cent 
NaCl 

Coagulation 

time 


cc 

CC 

CC 

cc 

CC 

mm 


0 2 1 

— 

— 

— i 

0 8 

CQ 

■ to® 

0 3 

— 

— 


0 7 

00 

0 5 

0 4 

— 

— 

— 

0 6 

5 2 

0 5 

0 5 

— 

— 

: 

0 5 

4 0 

0 5 

0 6 

— 

— 

— 

0 4 

6 8 

0 5 

0 7 

— 


— 

0 3 

9 1 


TABLE n 

Anticoagulant Action of Purified A ntiprolease 


Oxaloted 

plasma 

1 per cent 

CaCU 

0 5 per cent 
Pancreatic 
trypsm 
inhibitor 

0 .5 per cent 
Serum 
antitrypsin 

0 1 per cent 
Crude trypsin 

0 85 per cent 
NaCl 

Coagulation 

tune 


CC 

CC 

CC 

CC 

CC 

mm 

0 5 

0 5 

0 0 

— 

— 

0 5 

4 0 

0 5 

0 5 

0 05 

— 

— 

0 45 

5 1 

0 5 

0 5 1 

0 1 

— 

— 

0 4 

6 3 

0 5 

0 5 

0 2 

— 

— 

0 3 

9 0 

0 5 

0 5 

0 3 

— 

— 

0 2 

22 

0 5 

0 5 

0 4 

— 

— 

0 1 

57 

0 5 

05 

0 5 

i 

1 

— 

0 0 

20 hrs 

0 3 

0 3 

! 

0 0 

— 

0 4 

4 5 

0 3 

0 3 

— 

0 1 

— 

0 3 

6 0 

0 3 

0 3 

— 

0 2 

— 

0 2 

8 

0 3 

0 3 

— 

0 3 

— 

0 1 

11 

0 3 

0 3 

— 

0 35 

— 

0 05 

20 

0 3 

0 3 

— 

0 4 

— 

0 0 

120 


Table IV serves as a control to show that the addition of trypsm (m the 
amounts employed) to oxalated plasma plus Ca^ of itself only slightly accel- 
erates coagulation Hence the effect of trypsm described above must be 
chiefs a specific neutralizing (or destructive?) effect on the anticoagulant 
The addition of trypsm to ovalated or citrated plasma is known to cause 
coagulation In Table V is described the effect of adding increasing amounts 
of trypsm inhibitor to the oxalated plasma plus tiypsm This is seen to have 
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resulted in a progressive increase in the time required for the plasma to co- 
agulate. 

These experimental results strongly indicate that a sufficient concentration 
of serum antitrypsin or pancreatic trypsin inhibitor, prepared as indicated 
above, strongly inhibits the coagulation of plasma m vitro Tins effect is 
largely prevented by the addition of trypsin That an anticoagulant other 


TABLE in 

Neutralizing Action of Trypiin on tkc Anticoagulant 


OxaUted 

pUuo* 

1 per cent 
, C*Clj 

| 0 5 per cent 
PuncrxaUc 

bKBwr 

OJjy cent 
iDtUiyptlo 

OJ per ant 
Crude trjrp*in 

1 

045 per cent 
N»C1 

Co*cul»tlon 

tiro* 


a 

cc. 

«. 

u 

a. 

Mift. 

0 5 

0 5 

0 3 

— 

0 0 

0 3 

2-1 

0 5 

0 5 

0 3 

— 

0 05 

0 25 

18 

0 5 

0 5 

0 3 

— 

0 1 

0 2 

14 

0 5 

0 5 

0 3 

— 

0 2 

0 1 

12 

0 5 

0 5 

0 3 

— 

0 3 

0 0 

10 

0 3 

0 3 


0 3 

0 

0 3 

11 

0 3 

0 3 

— 

0 3 

0 1 

0 2 

11 

0 3 

0 3 

— 

0 3 

0 2 

0 1 

9 

0 3 

0 3 

— 

0 3 

0 3 

0 0 

5 5 


TABLE IV 

Non Influence <>j OJ Per Cent Tryptin on Coapdation by Ca ++ 


QaUtfd 

1 per cent 

CaCk 

! 0 J pet cent 
acre* tic 

taSKtor 

04 per cent 
Seram 
*odtryp*la 

0 1 per cent 
Crude tryp*ln ^ 

045 per cent 
N*C1 

CoftraUtkm 

tbae 


ft. 

cc 

a 

cc. 

«. 

•ri 

0 5 

0 5 

— 

— 

0 0 

0 3 

4 

0 5 

0 5 

— 

— 

0 1 

0 2 

4 

0 5 

0 5 

— 

— 

0 2 

0 1 

3 8 

0 5 

0 5 

— 

— 

i 0 3 

0 0 

3 6 


than a trypsin inhibitor was present m one or both of the preparations is of 
course possible, but is contraindicated by the neutralizing effect of trypsin 
In an attempt to determine the mode of action of the anticoagulant varying 
amounts of pancreatic trypsin inhibitor were added to thrombin (prepared by 
adding thromboplastin (after Mills and Guest 1921) and Ca^ to prothrombin 
(after Mellanby 1931)), a time interval of 15 minutes allowed to elapse and 
fibrinogen (salted from plasma with sodium chlonde) added Tabic VI indi- 
cates the absence of any appreciable antithrombic effect by the trypsin m 
hibitor 
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The “antiprothrombic” effect of pancreatic trypsin inhibitor -was investi- 
gated by adding varying amounts to prothrombin plus thromboplastm, and 
adding calcium after 15 minutes Then, after 2, 5, and 10 minutes a given 

TABLE V 


Neutralization of Tryptic Action by Purified Antiprotease 


Oralated 

plasma 

1 per cent 
CaCli 

0 5 per cent 
Pancreatic 
trypsm 
inhibitor 

0 5 per cent 
Strum 
antitrypsin 

0 1 per cent 
Crude trypsin 

0 85 per cent 
NaCl 

Coagulation 

time 


cc 

CC 

CC 

CC 

CC 

mm 

0 5 

— 

0 

— 

0 4 

0 4 

9 

0 5 

— 

0 1 

— 

0 4 

0 3 

10 

0 5 

— 

0 2 

— 

0 4 

0 2 

12 

0 5 

— 

0 3 

— 

0 4 

0 1 

14 

0 5 


| 0 4 

— 

0 4 

0 

; 17 

0 3 

1 

1 

0 

0 4 

0 4 

8 

0 3 

— 

— 

0 1 

0 4 

0 3 

8 

0 3 

— 

— 

0 2 

0 4 

0 2 

9 

0 3 

— 

— 

0 3 

0 4 

0 1 

10 

0 3 

— 

— 

0 4 

0 4 

0 

13 


TABLE VI 


Lack of Anhthrombic Activity of Trypsin Inhibitor 


Fibrinogen 
(in 0 85 per cent 
NaCl) 

Thrombin 
(in 0 85 per cent 
NaCl) 

0 ,5 per cent 
Pancreatic trypsm 
inhibitor 

0 85 per cent NaCl 

Coagulation time 

CC 

cc 

CC 

CC 

mm 

o 5 ; 

0 4 

— j 

0 3 

2 6 

0 5 

03 

— 

0 4 

3 1 

0 5 

0 2 

— 

0 5 

5 0 

0 5 

0 1 

— 

0 6 

11 

0 5 

0 05 

II 

0 65 

30 

0 5 

0 4 

0 3 

0 

3 0 

0 5 

0 3 

0 3 

0 1 

3 5 

0 5 

0 2 

0 3 

0 2 

5 4 

0 5 

0 1 

0 3 

0 3 

10 

0 5 

0 05 

0 3 

0 35 

32 


amount of each mixture was tested for thrombic activity (Mellanby, 1917) by 
addmg it to a solution of fibrinogen and determining the tune that elapsed be- 
fore coagulation took place Table VII shows that the trypsin inhibitor mark- 
edly inhibited the conversion of prothrombin to thrombin by the action of 
thromboplastm plus Ca++ Whether it did so by acting on the prothrombm, or 
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thromboplastin, or both, was not experimentally determined But if the 
mechanism of coagulation described above is even partly correct, action on the 
thromboplastin is strongly indicated That the inhibitor does not act by re- 
ducing the concentration of ionized calcium was easily proved by demonstrat- 
ing that the presence of excess Ca - ^ would not neutralize the effect of the and 
coagulant In fact, it resulted in a further prolongation of the coagula 
bon time 

Various workers have suggested that in addition to their probable rdle in 
the coagulation process proteolytic enzymes are responsible for thrombmolysis, 


TABLE VII 

A ntiproihrombtc Adivilv of Tryftin Inhibitor 


1 

t 

Prothrombin 
(b 045 £*r cMt 

1 prr cent 

C aCU 

Ttrctnbo* 
pl*jtb (b 0.13 
per cent 
NtCl) 

0S per cent 
P**m*tlc 

bbSJtar 

045 per cent 

Nia 

CoaraUtba 

am* 


tt. 

a 

Us 

tt 

Us 

«U. 

A 

0 5 



3K3SK 

H ' ' 

— 

B 

0 5 

0 1 1 

\ 0 1 j 

mTm 

IB 

— 

Hbcfnoce* 






05+Olcc.afA after 2 min ircubatkra 



50 

05-fO lcc-ofA after 5 min incubation 



24 

054-0 1 cc. of A after 10 min. incubation 



3 

0 54-0 1 cc. of B after 2 min of incubation 



>24 bra. 

054-0 1 cc. of B after 5 min of incubation 



120 min 

0 54-0 lcc.ofB after 10 min. of incubation 



10 min. 


fibrinolysis, and syneresis. Inhibition by punfied an tip ro tease would afford 
evidence that proteases are involved m these processes. 

Hemophilia 

Almost all the current theories on the etiology of hemophilia agree in attrib- 
uting the prolonged coagulation time observed in this condition to a delay in 
the formation of thrombin. That a deficiency of active thromboplasbc sub- 
stance may be the cause of this is indicated by the fact that hemophilic blood 
can be made to coagulate m normal time by adding additional platelets (nor 
mai or hemophilic), or by adding trypsin (Tyson and West, 1937, Ferguson 
and Enckson, 1939) In view of these findings and of the evidence of Addis 
(1911) and of Eagle (1935) that the platelets and prothrombin content of hemo- 
philic blood are normal, the possibility that an inhibitor of thromboplastin is 
responsible for the delayed activation of prothrombin to thrombin must be 
considered 

Evidence that, if such a thromboplastin inhibitor is present ro hemophilic 
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blood, it does not possess antiproteolytic activity, was supplied by examination 
of the plasma and serum of two hemophiliacs (one of whom was studied through 
the courtesy of Dr W H Howell) In both of these the antiproteolytic activ- 
ity was in the normal range, despite greatly prolonged coagulation time 

Heparin 

If we assume serum antiprotease to be a circulating anticoagulant the possi- 
bility of its identity with one of the known circulating anticoagulants must be 
considered 

It has been found by mdependent investigators that anaphylactic shock or 
peptone injection results in an appreciable increase in the antithrombin con- 
tent of the serum as well as m its antiproteolytic activity (Joblmg, Petersen, 
and Eggstein, 1915) In addition, both antithrombic (Mellanby, 1908) and 


TABLE Vm 



Dog l 

Dog 1 

Coagula- 
tion tune 

1 

Antiproteo- 
lytic 1 

activity 

Coagnla 
tion time 

j 

Antiproteo- 

lytic 

activity 


I 

rmn \ 

X unUs/cc 

mm \ 

X umls/cc 

Before heparinization 

20 

3 6 

17 

4 5 

During heparinization 

115 

3 8 

90 

4 1 

(Later) during heparinization 

45 

3 2 

53 

4 6 


antiproteolytic activity (Fujimoto, 1918) are destroyed by heating plasma or 
serum at 75° for 10 minutes However, that antiprotease and antithrombin 
are separate entities is indicated by the experiments of Mellanby and Pratt 
(1938), and by the evidence presented above that pancreas trypsin inhibitor 
has little or no antithrombic activity 

Recently Jaques and Waters (1940) have shown that hepann is also increased 
m peptone shock, while other investigators (Glazko and Ferguson, 1940, and 
Horwitt, 1940) have found that hepann, m sufficient concentration, inhibits 
the action of trypsin However, some evidence against the identity of hepann 
and serum antiprotease is supplied by the finding that heparinization does not 
increase the antiproteolytic activity of the blood 

The blood of two heparinized dogs was followed in the Huntenan laboratory 
through the courtesy of Dr H B Schumacher Table VIH illustrates the lack 
of any relation found between the hepann content of the blood (as indicated 
by the clotting time) and the antiproteolytic activity of the serum (The anti- 
proteolytic activity of plasma and of serum are normalty equal ) The serum 
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of the heparinized blood was allowed to remain m contact with the alkaline 
trypsin (crude) for 30 minutes before the casein was added, as suggested by 
HorwitL This is a condition which is not ordinarily necessary for the antipro- 
teolytic action of serum Additional experiments showed that the inhibiting 
action of punfied hepann on crude trypsin is much less than the action de- 
scribed by Horwitt on crystalline trypsin. Serum, on the other hand, is equally 
active against the crude and the crystalline enzyme. Furthermore, as Tyson 
and West (1937) have shown, trypsin does not accelerate the coagulation of 
heparinized blood, while it has been known to hasten the clotting of oxalated or 
citratcd blood 

These considerations indicate that while a relatively high concentration of 
hepann may, t n vitro, have some antitrypbc activity, it is probably not respon 
sible for an appreciable part of the antitryptic activity of the serum. 

Horwitt has made the interesting observation that many basic dyes which 
are powerful anticoagulants are also antiproteolytic. As in the case of hepann 
this parallelism deserves investigation. 

SUlQtARY 

1 Serum antitrypsin and pancreatic trypsin inhibitor inhibited the coagula 
tion of plasma tn mlro 

2 This could be largely prevented by trypsin. 

3 The anticoagulant action of the trypsin inhibitor was apparently due to 
its antiprothrombic action. It had no appreciable antithrombic action. 

4 Examination of the blood of two hemophiliacs indicated that the prolonged 
coagulation time of their blood is not due to an excess of trypsin inhibitor 

5 Examination of the blood of heparinized dogs indicated that hepann does 
not appreciably contribute to the antiproteolytic activity of the serum 
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Sir A E Wright reported in 1916 that the addition of trypsin, leucocytes, 
or leu coprotcnse to serum permitted the growth of bacteria which would other 
wise be unable to grow in serum His explanation for this finding was that 
the trypan inhibited the antiproteolytic activity of the serum and thereby 
permitted the accumulation of products of pro tern digestion, which he believed 
were necessary for the growth of certain bacteria (called by him “sero sapro- 
phytes”) 

Teale has more recently (1933) disputed this explanation, reporting experi- 
ments to show that the presence of antiprotease in the *emm does not influence 
bacterial growth and pathogenicity He has also offered evidence against the 
theory of Jobhng and Petersen (1914) that the toxins produced during bacterial 
infection, those responsible for anaph> lactic shock, and those present m 
“anapbylotoxin,” are all of the same nature and due to the same cause namely, 
to the absorption of antiprotease from the serum, and the consequent degrada 
lion of protem substances by the uninhibited action of proteolytic enzymes. 
However, he reported the interesting observation that although an infected 
animal may die with the antiproteolytic activity of its serum high, low, or un- 
changed, animals dying rapidly usually possessed low antiproteolytic activity, 
while those dying slowly usually showed high activity 

The presence of a powerful antiprotease in the blood and in inflammatory 
exudates, and the presence of considerable leu coprotease m most foci of infec- 
tion, render important exact information concerning the effect of protease and 
of antiprotease on the growth of pathogenic bacteria. For this reason the 
growth of several organisms was followed in serum with (1) antiprotease intact, 
(2) additional antiprotease added, (3) antiproteaae destroyed, and (4) trypsin 
added, and in peptone, meat infusion, and albumen solution, with and without 
added trypsin. And in order to investigate the effect of protease and of nnti 
protease on bacterial growth when inhibited by a sulfonamide drug, the growth 
of organisms m the above media was also followed in the presence of sulfathla 
zole (at 10 mg per cent concentration) 

* Henry Strong Denison Scholar for 1941-42 
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The growth of Escherichia coh, Eberthela typhi, Proteus vulgaris, Staphylococ- 
cus aureus, and Streptococcus Pyogenes was followed m the following media 

I Serum with antiprotease intact 

1 12 5 per cent rabbit’s serum (heated at 56°C for 30 minutes to destroy comple- 
ment, so as to eliminate the action of normal bactericidal antibodies) 

2 1 -f- trypsin (0 5 mg /cc sterile crude trypsin) 

3 1+ sulfathiazole (0 1 mg /cc.) 

4 1+ sulfathiazole (0 1 mg /cc ) + trypsin (0 5 mg /cc ) 

5 1+ pancreatic trypsin inhibitor (2 5 mg /cc.) 

(In the following media concentrations are as in I, except where otherwise indicated ) 
IT Serum with antiprotease destroyed 

1 12 5 per cent rabbit’s serum (heated at 80°C for 10 minutes This completely 
destroys antiproteolytic activity (Fujimoto, 1918, and by test)) 

2 Serum + trypsin 

3 Serum + sulfathiazole 

4 Serum + sulfathiazole + trypsin 

IH Peptone 

1 1 per cent peptone (nutn-peptone, 1 Wilson) (containing 0 5 per cent NaCl and 
adjusted to pH 7 4) 

2 1 per cent peptone + trypsin 

3 1 per cent peptone + sulfathiazole 

4 1 per cent peptone + sulfathiazole + trypsin 

IV Meat infusion 

1 2 per cent beef heart (Difco) (containing 0 2 per cent Na+IPOi and 0 36 per cent 
NaCl and adjusted to pH 7 4) 

2 2 per cent beef heart + trypsin 

3 2 per cent beef heart + sulfathiazole 

4 2 per cent beef heart + sulfathiazole + trypsin 

V Albumen 

1 1 per cent crystalline egg albumen (containing 0 2 per cent Na-jHPO* and 0 36 
per cent NaCl and adjusted to pH 7 4) 

2 1 per cent crystalline egg albumen + trypsin 

3 1 per cent crystalline egg albumen + sulfathiazole 

4 1 per cent crystalline egg albumen + sulfathiazole + trypsin 

The growth of the bacteria m these media was followed by measuring the 
turbidity of the bacterial suspensions at various intervals by means of a photo- 
electric cell The opacity of a bacterial suspension of any age is represented as 
the number of 24 hour old organisms which, when suspended in the same me- 
dium, allow the same amount of light to be transmitted The number of these 
organisms was determined by direct count of stained bacteria, and a control 
curve for each organism and each medium was drawn which allowed translation 

X A mixture of thio-peptone (tryptic “digest” of lung) and medo peptone (tryptic 
“digest” of casern) 
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of turbidity measurements into corresponding numbers of 24 hour old organ- 
isms. Obviously this translation is not an exact one, since as growth proceed? 
the size, refructmty, and reflectivity of the bactena vary m addition to their 
number However, the work of Wilson (1926) and of others indicates that the 
opacity measurement is probably an accurate measure of the total protoplasmic 
mass. And this is a truer measure of growth than bacterial number Such 
possible sources of error as change in the color or opacity of the medium as ft 
result of bacterial action, or merely as a result of incubation, were proved negb 
gible by filtering off the bactena from control suspensions after varying incuba 
tion periods, and determining the opacity of the medium 

The initial concentration of bacteria m each case was approximately 5 
milhon/cc. The organisms were ob tamed from 5 day old agar slant culture? 
(to assure appreciable bacteriostatic activity by the sulfathiaxole, which, like 
the other sulfonamide drugs, acts best on older organisms), and were washed 
m saline before addition to the media 

Examination of the data m Table I and Charts A to E reveals the following 

1 Growth proceeded more rapidly and further in serum that had been heated at 
80°C for 10 minutes than vi serum that had merely been heated sufficiently to 
destroy complement 

It cannot be concluded with certainty that this difference is due even in part 
to the destruction of serum antiprotease, but it seems veiy likely It has been 
repeatedly demonstrated (e g , Banting and Gaims, 1930) that tiypsin act? 
much more readily on the proteins of serum heated sufficiently to destroy it? 
antiproteolytic activity than on the proteins of serum with intact antiproteasev 
Since bacterial proteases are also inhibited by serum (von Dungera, 1898, 
Kfimmerer,1911), they too would be expected to digest serum proteins more 
readily in the absence of serum an tip ro tease than in its presence. 

Z Growth proceeded more rapidly and further \n all media to whch trypsm had 
been added The increase was greater tn the presence of sulfalhtatole than t n its 
absence and was most marked in the case of Proteus 

Bambndge (1911) has found that bactena (with a few exceptions) are unable 
to readily digest proteins and perhaps even albumoses and peptones, except 
when very abundant growth is occurring He has suggested that they are 
capable of absorbing only ammo acids and lower peptides, and that they can 
produce proteases only when these protein breakdown products are readily 
available. This indicates the importance to bacterial growth of the presence 
of proteases other than bacterial proteases, especially when the concentm 
ticm of non protein nitrogen is low compared to that of protein, as m the 
blood and in exudates. 

The data reported above show that the growth promoting action of trypsm 
is also exerted (although to a lesser extent) in peptone and meat infusion, in 
which the concentration of protein is very low Since crude trypsm, which 



TABLE I 

The Influence of Trypsin and of Antiprotease on Bacterial Growth and Sulfonamide Actum 



Incubation, hrs 

E colt 
mtlltons/cc 

E typhi 
millions Ice 

Proteus vulgaris 
millions fee 




D 

10 

20 

42 

64 

0 

10 

20 

42 

64 

0 

10 

20 

42 

64 



Medium 
















I 

1 

Serum 

s 

130 

175 

170 

170 

5 

50 

140 

m 

115 

5 

115 

225 

225 

205 


2 

Serum + trypsm 

5 

140 

220 


185 

5 

75 

275 

230 

230 

5 

255 

540 

go 

495 


3 

Serum + suifathiazole 

5 

50 

70 

B 

10 

5 

5 

25 

5 

5 

5 

50 

50 

50 

5 


4 

Serum + suifathiazole + trypsm 

s 

50 

EE 

95 

5 

5 

45 

150 

185 

165 

5 

140 

185 

120 

115 


5 

Serum + trypsin inhibitor 

5 

120 

130 

125 

110 

5 

25 

105 

1 

90 

5 

70 

110 

105 


II 

1 

Serum heated at 80° 

S 

310 

395 

310 

290 

5 

165 

160 

140 

120 

5 

255 



R 


2 

Serum + trypsin 

5 

210 

415 

525 

345 

5 


410 

420 

350 

5 

520 

725 

565 

BBS 


3 

Serum + suifathiazole 

5 

105 

125 

45 

45 

5 

30 

50 

30 

30 

5 

115 

115 

135 

160 


4 

Serum + suifathiazole + trypsm 

5 

155 

445 

385 

265 

5 

95 

110 

120 

130 

5 

W 


540 

495 

in 

1 

Peptone 


(Omitted) 


5 

45 

245 

245 


5 

180 

I 

255 

250 


2 

Peptone + trypsin 






5 

50 

340 


240 

5 

445 

560 

560 

560 


3 

Peptone + suifathiazole 






5 

35 

95 

90 

75 

5 

30 

280 




4 

Peptone + suifathiazole + trypsin 






5 

75 

230 

235 


5 

45 

345 

370 

285 

IV 

1 

Meat Infusion 


(Omitted) 


5 

70 


115 

90 

5 


210 

210 



2 

Meat infusion + trypsin 






5 

165 

330 

22 


5 

335 

620 

625 



3 

Meat infusion + suifathiazole 






5 

85 

165 

165 


S 

45 

195 

IE 

90 


4 

Meat infusion + suifathiazole + trypsm 






5 

95 


180 

150 

5 

45 

225 

375 


m 

1 

Albumen 


(Omitted) 


S 

50 

95 

75 

30 

5 

95 

185 

140 

120 


2 

Albumen + trypsin 






5 

95 

190 

205 


5 

205 

420 

460 


■ 

3 

Albumen + suifathiazole 






5 

25 

25 

<1 

<1 

5 

75 

25 

<1 

<1 

1 

4 

Albumen + suifathiazole + trypsm 






5 

45 

45 

45 

<1 

5 

95 

145 

185 

165 


Incubation, hrs 


Medium 

I 1 Serum 

2 Serum + trypain 

3 Serum + sulfa thiazole 

4 Serum 4- suifathiazole + trypsin 

5 Serum + trypsin inhibitor 


n 


1 Serum heated at 80’ 

2 Serum + trypsin 

3 Serum + suifathiazole 

4 Serum + suifathiazole + trypsin 


XXI 1 Peptone 

2 Peptone + trypsin 

3 Peptone + suifathiazole 

4 Peptone + suifathiazole + trypsm 

IV 1 Meat infusion 

2 Meat infusion + trypsm 

3 Meat infusion + suifathiazole 

4 Meat infusion + suifathiazole + trypsm 


V 


1 

2 

3 

4 


Albumen 

Albumen + trypsm 
Albumen + suifathiazole 
Albumen + suifathiazole + trypsm 


Slaphyloccus aureus Streptococcus pyogenes 

milhons/cc mithons/cc 


B 

I 

□ 

B 

1 

B 

II 

11 

B 

64 

5 

30 

120 

140 

120 

5 

50 

90 

115 

105 

5 

30 

190 

370 

360 

5 

185 

165 

165 

120 

s 

70 

25 

5 

<1 

5 

5 

5 

5 

<1 

5 

75 

120 

120 

50 

5 

50 

165 

165 

140 

5 

30 

110 

130 

120 

5 

20 

45 

55 

55 

5 

255 

250 

235 

235 

5 

140 

165 

165 

160 

5 

455 

435 

435 

345 

5 

355 

355 

400 

400 

5 

95 

25 

25 

5 

5 

25 

25 

<1 

<1 


450 

450 

380 

335 

5 

140 

165 

170 

170 

5 

380 

380 

420 

420 

5 

90 

130 

130 

110 

5 

465 

485 

555 

555 

5 

145 

210 

220 

200 

5 

140 

250 

250 

220 

5 

45 

75 

75 

25 

5 

320 

390 

450 

450 

5 

140 

95 

75 

75 

5 

275 

300 

380 

340 

5 

100 

110 

100 

95 

5 

465 

465 

520 

540 

5 

250 

245 

240 

220 

5 

230 

230 

240 

245 

5 

70 

45 

45 

45 

5 

275 

375 

400 

375 

5 

110 

200 

205 

235 

5 

95 

25 

25 

<1 

5 

70 

75 

85 

80 

5 

135 

225 

250 

275 

5 

100 

125 

120 

120 

5 

75 

5 

5 

<1 

5 

25 

5 

<1 

<1 

5 

120 

140 

150 

170 

5 

SO 

80 

100 

100 
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was used, contains both protease and peptidase, growth acceleration as a result 
of peptidase action is indicated in addition to the protease action 

Since leu coprotease has tryptic (protease) action its growth promoting 
properties (especially when the N P N in the medium is relatively low) must 
be considered And since serum an tipro tease exerts its buffering action against 
leu cop rot ease, just as it does against trypsin (Opie, 1905, repeatedly confirmed) 
it too is very probably important with respect to bacterial growth, but as a 
growth inhibitor rather than accelerator 
The polymorphonuclear leucocytes have been shown by Opie (1922) to be 
much richer m tryptic leu coprotease than are the mononuclear leucocytes, and 
to be the chief source of leu coprotease During acute inflammation they cause 



Chart A. Growth of Escherichia cult 


a considerable accumulation of this enzyme In diffuse phlegmonous inflam- 
mations and in serous cavities the leu coprotease is to a large extent buffered 
by the simultaneous exudation of fluid nch in serum antiprotease, while in 
abscess cavities and In cerebrospinal fluid such buffering action is minimal 
In acute meningitis the increased meningeal permeability does allow some anti 
protease to enter the cerebrospinal fluid, but this does not compare with the 
for greater amount of leu coprotease that is derived from the polymorphonuclear 
cells (Kaplan et al , 1939) That the uninhibited growth accelerating action 
of the leu coprotease is at least in part responsible for difficulty of the body, e\ en 
when aided by chemotherapeutic agents, to control the growth of organisms 
m acute meningitis, must be considered Subdural injection of serum un- 
fortunately results In only a temporary increase in the on tipro teoly tic activity 
of the spinal fluid lasting not even 24 houre (Docbez, 1909) 

In abscess cavities, too, a great preponderance of leu coprotease over anti- 
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protease occurs, since pressure within the confined space prevents the accumu- 
lation of fluid exudate, such as occurs m serous cavities and in phlegmonous 
inflammations (Opie, 1906) However, here, unlike the cerebrospinal spaces, 



Chart B Growth of Ebert hella lypfn 


mechanical factors act to prevent spread of bacteria, and to inhibit their 
growth by causing a dearth of assimilable food and oxygen, and the accumula- 
tion of products of metabolism, including hydrogen ions The preponderance 
of protease explains the extensive autolysis that occurs m abscess cavities, 
but that trypsin will penetrate and digest dead cells only (and probably only 
dead bacteria, too), and that living cells are not permeable to the enzyme, has 
been convincingly demonstrated by Northrop (1939) Hence protease would 




Chart C Growth of Proteus tultarts 


result of increase in the concentration of hydrogen ions The autolytic activity 
of protease (on dead organisms) is not evident in the experiments described 
above because the growth promoting influences predominated during the 
time charted After longer incubation more rapid decline in turbidity and loss 
of gram positive staining characteristics occurred in the presence of protease, 
3 In a limited number of experiments crystalline pancreatic trypsin inhibitor 
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somewhat inhibited the growth of all the bacteria studied except Staphylococcus 
aureus This finding supports the contention that antiprotease can be bac- 
teriostatic, especially in media poor in non-protein nitrogen, and probably as 



Chart D Growth of Staphylococcus aureus 


a result of inhibition of bacterial protease Unfortunately insufficient crystal- 
line inhibitor was prepared to study its action in other media than serum 
That trypsin inhibitor has no bactericidal activity, and trypsin no antibac- 
tencidal action, was demonstrated (for B typln ) by incubating organisms (in 
peptone and m bactericidal serum) with trypsm inhibitor and with trypsm for 
2 hours and testing successive dilutions for sterility after the method of Mackie 
and Finkelstem (1931) 
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4 The bacteriostatic adton of sidfalhatole was 

(a) reduced by destruction of the antiproteolytic odioity of the serum (by heat), 
(b) considerably reduced and sometimes almost obliterated by the presence of trypsin 





Chaki E, Growth of Streptococcus pyogenes 

tn the medium, and (c) greater tn serum and albumen than in peptone and meal 
infusion 

Since bacterial growth has been shown to be increased by destruction of 
serum an tip rot ease by heat, and by the addition of trypsin, the bacteriostatic 
action of sulfatbmzole in these media would be expected to be correspondingly 
reduced, as compared to that m unaltered media. The greater bacteriostatic 
action m strum and albumen than in peptone and meat infusion indicates that 
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somewhat inhibited the growth of all the bacteria studied except Staphylococcus 
aureus This finding supports the contention that antiprotease can be bac- 
teriostatic, especially in media poor in non-protein nitrogen, and probably as 



Chart D Growth of Staphylococcus aureus 


a result of inhibition of bacterial protease Unfortunately insufficient crystal- 
line inhibitor was prepared to study its action in other media than serum 
That trypsin inhibitor has no bactericidal activity, and trypsin no antibac- 
tencidal action, was demonstrated (for E typhi ) by incubating organisms (m 
peptone and in bactericidal serum) with trypsin inhibitor and with trypsin for 
2 hours and testing successive dilutions for sterility after the method of Mackie 
and Finkelstem (1931) 
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4 The bacteriostatic action of sulfathiaxole in serum was reduced by heating 
the serum at 80° C , and much more markedly (in any of the media studied) by 
adding trypsin. It was greater in serum and albumen than in peptone and 
meat infusion 

5 The significance of the experimental results was considered m relation to 
the possible influence of leu coprotease and of serum antiprotease on bacterial 
growth and sulfonamide action 

Ollier Pkysiological Significance of the Antiproteolytic Activity of the Serum 
Holmes, Keefer, and Myers (1935) have presented convincing evidence that 
the presence of antiproteolytic substances In synovial exudates is of great 
importance in the prevention of damage to pints by protease liberated from 
the leucocytes which accumulate in suppurative arthritis 
The possible importance of serum antiprotease in the prolongation of insulin 
action has recently been considered by Horwitt and others That it may be 
of significance m this respect is rendered more likely by the demonstration and 
crystallization from the serum (Schmitz, 1937 and 1938) of small amounts of 
both protease and ontipro tease. 

In a senes of papers (1935, 1936, 1937) Shute has reported expenmental and 
clinical data designed to show that estnn possesses a special antiproteolytic 
activity (unlike that of serum antiprotease) which causes, when estnn is present 
in the blood m excess abortion, premature labor and abruptio placentae. He 
has also attempted to prove that the blood concentrations of estnn and of vita 
min E are inversely proportional to each other, and that excess of estnn is usu 
ally due to vitamin E deficiency His work has not yet been confirmed 
Rich and Duff have reported (1937) the expenmental production of hyaline 
artenolosclerosis and artenokmecrosis withm 24 hours after the injection of 
vanous proteolytic enzymes subcutaneously Data presented under discussion 
of the nature and expenmental variation of serum antiprotease indicate an 
inverse relation between the antiproteolytic activity of the serum and the local 
damage produced by trypsin. The relation (if any) of either of these factors 
to clinical arteriolosclerosis or artenolonecrosis 13 not yet known 
The relation of serum antiprotease to the resolution and absorb Uon of m 
flammatory exudates and absorbable foreign bodies (Including catgut), and 
to organizing pneumonia, has been very little considered 
The use of serum (especially of high antiproteolytic activity) to neutralize 
the destructive protease liberated m acute pancreatitis and from duodenal 
fistulae has not yet been investigated 

The experiments of Menhin (1938), and of others, indicate that the increased 
capillary permeability and leucocyte infiltration characteristic of in flamma tion 
are due to a polypeptide formed by proteolysis at the ate of inflammation. 
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the products of protein hydrolysis not only promote bacterial growth, but also 
inhibit the bacteriostatic action of sulfathiazole 

The inhibitory effect of peptone and of various bacterial extracts on sul- 
fanilamide has been known, and has been the subject of intensive study, for 
the past 4 years (Lockwood, 1938, McIntosh and Whitby, 1939, Stamp, 
1939, etc ) Woods (1940) has offered evidence that ^-ammobenzoic acid is 
essential for the growth of bacteria, that the enzyme reaction involved in 
the utilization of this substance is subject to competitive inhibition by sulfanil- 
amide (due to structural relationship between the drug and the “essential 
metabolite”), and that the inhibitory effect of peptone and of various bacterial 
extracts is due to their content of ^-aminobenzoic acid He and his followers 
believe that the presence of />-aminobenzoic acid preformed m the medium is 
responsible for the difficulty of inhibiting bacteria by the use of sulfanilamide 
m peptone and in lesions characterized by considerable tissue destruction 
They also believe that the sensitivity of organisms to sulfanilamide action de- 
pends on their inability to synthesize ^-aminobenzoic acid Recently, Bliss 
and Long (1941) have produced evidence that another protein breakdown 
product, methionme, possesses similar antisulfonamide action 

The experimental results recorded above indicate that the products of protein 
digestion, in addition to inhibiting the bacteriostatic activity of sulfathiazole, 
also directly promote bacterial growth That the latter occurs m the presence 
as well as m the absence of sulfathiazole seems likely The results indicate the 
importance with respect to bacterial growth and sulfonamide action of prote- 
olytic enzyme (and peptidase?) m the medium, and therefore the importance 
of the buffering action of serum antiprotease on this enzyme 

If these conclusions are valid it is to be expected that the growth of bacteria 
m the body will be more rapid, and the inhibition of sulfathiazole will be 
greater 

(1) when considerable leucoprotease (and peptidase?) is present, (2) when 
the organism itself produces active protease (and peptidase?), (3) when the 
inflammatory exudate is small and poor m antiprotease, (4) when the source 
of antiprotease (the blood) is poor in this constituent, and (5) when the medium 
is rich m non-pro tern nitrogen (especially ^-ammobenzoic acid?) 

SUMMARY 

1 Heatmg diluted serum at 80° C for 10 minutes made it a better medium 
for bacterial growth This is beheved to have been at least partly due to 
destruction of the serum antiprotease 

2 Growth was accelerated, and proceeded further, in the presence of trypsin 

3 Growth was somewhat retarded m the presence of pancreatic tiypsm 

inhibitor 
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Earlier m tins series of investigations, it was pointed out that succinic de- 
hydrogenase and cytochrome oxidase are associated with the particulate com 
ponenU of cytoplasm (1), and attention was called to the similarity between 
these particles and the mitochondria which Bensley (2) separated from broken 
cell preparations by centrifugal means Sxent Gyorgyi (3) as well as Stern (4) 
had previously called attention to the fact that these enzymes are apparently 
attached to some macromolecular entity The enzyme which we haw called 
"coenxyme I-cytochrome c reductase” (5) is also m this category (5, 6), and 
Rabat (7) has shown that alkaline phosphatase is associated with the particu 
late matter 

During this same period, Claude (8) has been perfecting the method of 
separation of the morphological components of cytoplasm by centrifugal 
techniques and has obtained discrete granules of material having “the general 
constitution of a phospholipid ribonudeoprotein complex 5 * with diameters 
ranging from 50 to 150 mp The particles were considered to pre-exist in the 
original material and were shown to be similar w size and chemical composition 
to the particles of the Rous tumor virus. 

These independent observations provide no proof, however, that the enzyme 
systems indude a ribonudeoprotein, since the particulate components might 
consist of a mixture of ribonudeoprotein particles and enzyme particles. 
Furthermore, there is thus far no evidence that any given particle contains 
more than one enzyme (9) Isolation of the enzymes in crystalline form does 
not provide an answer to the question since it seems likely that the highly 
active enzymes which have been isolated os soluble proteins of low molecular 
weight may not occur as such m the cell, but rather (4,7) that they are at 
tached to the larger particles which Claude has shown to contain ribonudek 
acid and phospholipid 

Kumtz (10) has recently isolated ribonuclease in crystalline form and has 
demonstrated that it splits ribonudek acid into smaller acidic groups without 

* This im estimation was aided by the Jonathan Bowman Fund for Cancer Research 

t National Research Council Fellow m the Natural Sciences, 1942-43 
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The possibility of an inhibitory effect of serum antiprotease on this important 
proteolysis would seem to deserve investigation 

I am indebted to Dr J Howard Brown for the facilities to conduct the experiments 
described in this and preceding papers of this senes and for his help and advice, also 
to Dr W H Howell for cnticisms and suggestions which were of great value 
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Earlier in this senes of investigations, it was pointed out that succinic de- 
hydrogenase and cytochrome oxidase are associated with the particulate com 
ponents of cytoplasm (1), and attention was called to the sunilanty between 
these particles and the mitochondria which Bensley (2) separated from broken 
cell preparations by centrifugal means Szent GyQrgyi (3) as well as Stem (4) 
had previously called attention to the fact that these enzymes are apparently 
attached to some macromoleculor entity The enzyme which we have called 
“coenzyme I-cytochrome c reductase” (5) is also In this category (5, 6), and 
Rabat (7) has shown that alkaline phosphatase is associated with the partial 
late matter 

During this same period, Claude (8) has been perfecting the method of 
separation of the morphological components of cytoplasm by centrifugal 
techniques and has obtained discrete granules of material having “the general 
constitution of a phospholipid ribonucleoprotem complex” with diameters 
ranging from 50 to 150 nyi The particles were considered to pre-exist in the 
original material and were shown to be similar m size and chemical composition 
to the particles of the Rous tumor virus. 

These independent observations provide no proof, however, that the enzyme 
systems include a ribonucleoprotem, since the particulate components might 
consist of a mixture of ribonucleoprotem particles and enzyme particles. 
Furthermore, there is thus far no evidence that any given particle contains 
more than one enzyme (9) Isolation of the enzymes m crystalline form does 
not provide an answer to the question smee it seems likely that the highly 
active enzymes which have been isolated as soluble pro terns of low molecular 
weight may not occur as such in the cell, but rather (4,7) that they are at 
tached to the larger particles which Claude has shown to contain ribonucleic 
acid and phospholipid 

Kunitz (10) has recently isolated ribo nuclease in crystalline form and has 
demonstrated that it splits ribonucleic acid into smaller acidic groups without 

* This investigation was aided by the Jonathan Bowman Fond for Cancer Research 

X National Research Council Fellow In the Natural Sciences, 1942-43 
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liberating free phosphoric acid It has no effect upon desoxyribonucleic acid 
However, it apparently is able to combine with the ribonucleic acid contained 
in crystalline tobacco mosaic virus to give an inactive complex as Loring has 
shown (11) Lormg’s experiments suggested the investigation herein reported 
in which it is shown that nbonuclease inactivates the succmoxidase system as- 
sociated with the particulate components of liver homogenates A number 
of other enzymes were also tested m an attempt to learn whether the effect is 
specific for the succmoxidase system 

EXPERIMENTAL 

The succmoxidase system was set up on the basis of previous work (l, 9), and its 
over-all activity was studied by measuring the rate of oxygen uptake m a conventional 
Warburg apparatus Both rat and mouse livers and kidneys were used to prepare 
dilute homogenates, and the homogenization was invariably earned out in ice-cold 
water which had been recently redistilled from glass, in contrast to our previous 
method of homogenizing in isotonic phosphate at pH 7 4 In most cases, the dis- 
tilled water contained sufficient NaOH to give pH 7 8-8 0 so that the dilute homo- 
genates had a pH of 7 0-7 2 Metal contamination was carefully avoided Two 
components of the succmoxidase system, succinic dehydrogenase and cytochrome 
oxidase, were studied in a Cenco photoelectnc spectrophotometer on the basis of 
the change in extinction at 550 m/i Co enzyme I-cytochrome c reductase was likewise 
studied on the basis of the change in the cytochrome spectrum, using sodium dihydro- 
coenzyme I (12) as a substrate The cytochrome oxidase system was also studied 
manometncally, using a test system worked out in this laboratory by W C Schneider 
The ascorbic acid used as a substrate m this work was a gift from Merck and Company 
The urease was a commercial preparation, sold by the Arlington Chemical Company, 
and was studied on the basis of the rate of CO- evolution under conditions modified 
from those previously described (13) Catalase was studied with dilute liver homog- 
enates as the source of the enzyme The evolution of oxygen was measured m the 
Warburg apparatus under conditions employed m this institute by B E Kline and 
H P Rusch Alkaline phosphatase was studied essentially according to Kabat 
(7), using dilute homogenates as the source of enzyme We are indebted to K P 
DuBois for testing the adenosine triphosphatase, using liver homogenates under 
conditions which he has worked out Xanthine oxidase was studied in the Warburg 
apparatus, using a highly purified preparation which was a gift from S W Schwartz- 
man Specially purified xanthine was a gift from J A Bam Crystalline, salt-free 
nbonuclease was obtained through the kindness of Dr M Kunitz of The Rockefeller 
Institute 

In general, the nbonuclease was incubated with the vanous enzyme systems for 
1 to 2 hours at 38° in unbuffered solutions Smce the nbonuclease solutions were 
acidic, they were brought to pH 6 8-7 0 with 0 002 n NaOH immediately before use 
The stock solution of nbonuclease was kept m the cold The pH of the vanous en- 
zymes was measured with and without nbonuclease, no change occurred either on 
mixing or upon standing Smce incubation m dilute solution tends to emphasize the 
destructive action of oxidation and metal contaminants especially in the case of urease 
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and sucomc dehydrogenize, we routinely used two types of controls a “fresh con 
trol ’ to give the anginal activity and an incubated control to show the effect of 
incubation in high dilution per se The activity of the “fresh control’ was measured 
simultaneously with that of the other mixtures but during the incubation period It 
was kept at 0° and in more concentrated solution 

The details of the experimental test systems will be reported with the results, 
which will be considered under separate headings 

Cytochrome Systems 

Succinoxxdasc System, Manometnc Technique — Ribonudease completely in 
activates the over-all activity of the succmoxidase system when sufficient time 
is allowed, if the proper amounts of ribonudease relative to the amount of 
homogenized tissue are used, and if the two enzymes are allowed to act m un 
buffered solution. Fig 1 shows that the inhibition becomes progressively 
greater over a 2 hour period. This is m contrast to the results of Lonng who 
reported that the loss m vims activity on standing in contact with ribonudease 
was not significantly different from that immediately after mixing However, 
it is not clear how the tune of incubation could be stated in the vims experi- 
ments since the vinis-ribonuclease mixture must have remained together for a 
time after the test leaves were inoculated Fig 1 also shows that the per 
centage inhibition vanes according to the amount of sucdnoxidase used since 
the activity of a small amount of liver is completely destroyed much sooner 
than the activity of a larger amount. The results indicate that the ribonu 
dease-sucanoxidase relationship is that of on enzyme to its substrate Fig 2 
shows that very small amounts of ribonudease are able to inhibit the sue 
emondase system m unbuffered solution, while much larger amounts are re- 
quired to produce inhibition in the presence of buffer In both cases, the 
inhibition appears to be proportional to the log of the ribonudease concentre 
tion The effect of buffering is m harmony with Lo ring's results on the precip- 
itation of a crystalline ribonudease virus complex He stated that the 
precipitate was Insoluble in distilled water but could be dissolved readily m 
phosphate buffer at pH 7 0, in which solution, nevertheless, inactivation of the 
vims occurred 

Cyiocltromt Oxidase, Manometnc Technique — Since the results in Figs 1 
and 2 dearly demonstrated the fact that ribonudease inhibits the succmoxidase 
system, it was of interest to determine whether the results were due to the 
inhibition of succinic dehydrogenase or cytochrome oxidase or of both It was 
found that both component* are inhibited Cytochrome oxidase was tested 
by both manometnc and spcctrophotometnc techniques The manometnc 
tests were done with ascorbic acid neutralized to pH 7 0, as the source of dec 
trons for the reduction of cytochrome c Otherwise, the technique was essen 
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Fig 1 The progressive inactivation of the succinoxidase system by nbonuclease 
Each flask contained 1 0 ml of 0 1 m sodium phosphate buffer pH 7 4, 0 4 ml of 
10~ 4 M cytochrome c, 0 3 ml of 4 X 10~* m CaCh, 0 3 ml of 4 X 10~ 3 m AlClj, 0 3 ml 
of 0 5 m sodium succinate, plus water to give a final volume of 3 0 ml after addition 
of the hver homogenate and nbonuclease The succinoxidase, in the form of a 5 per 
cent mouse hver homogenate, was placed in the side arms of the flasks and kept in a 
warm room for 2 hours pnor to the activity measurements At appropnate times, 
0 2 ml of 0 2 per cent nbonuclease was added to the side arms so that the succinoxidase 
was incubated for 2 hours in all cases but only for the indicated time m the presence 
of nbonuclease At the end of the 2 hour penod, the flasks were connected to manom- 
eters, placed in a thermostat at 38°, the enzyme mixture was tipped into the main 
flask, and the rate of oxygen uptake was observed for four 10 mmute penods The 
values at zero time are the controls the incubated control is on the continuous line, 
and the fresh control (see text) is on the dotted line The upper curve is for 10 mg 
of hver, and the lower curve is for 5 mg of hver 

Fig 2 The effect of vanous amounts of nbonuclease on the succinoxidase system 
m presence and absence of buffer Each flask contained phosphate, cytochrome c, 
CaClj, AlClj, succinate, and water as in Fig 1 All flasks contained 5 per cent mouse 
hver homogenate equivalent to 10 mg of fresh liver, and 0 2 per cent nbonuclease 
was added to the flasks in the amounts indicated in the graph In the “buffered” 
senes, the nbonuclease and succinoxidase were in the main part of the flask with the 
phosphate, cytochrome, CaCl 2 , and A1C1 3 , while the succinate was in the side arms 
In the “unbuffered” senes, the succinate, etc , were m the mam compartment, and 
the nbonuclease and succinoxidase were in the side arms The flasks were connected 
to manometers and shaken in the thermostat for 2 hours The side arms w ere then 
tipped, and the rate of oxygen uptake measured as in Fig 1 
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tiahy similar to that used for the over-all system aa m Figs 1 and 2 In a 
typical experiment, the mam flasks contained phosphate, A1C1, and water as 
in Fig 1, plus 0.5 ml. of 1 per cent ascorbic acid and 0 6 ml. of 4 X lfr " 4 m cyto- 
chrome c, and the side arms contained 0.3 mi of 1 per cent mouse liver homog 
enate plus 0.2 ml. of 0.2 per cent ribonuclea.se m appropriate flasks After 
90 minutes In the thermostat, during which time the autoxidation rate of the 
ascorbate was noted, the side arms were tipped mto the mam compartments, 
and the rate of oxygen uptake was measured for 10 minute intervals. The 
results, expressed In pk Oj per 10 minutes, were as follows autoxidation rate, 

3 6 , fresh control, 58 9, incubated control, 56 8 , incubated with ribonuclease, 

4 0 When the rates are corrected for the autoxidation rate, it is apparent 
that ribonuclease completely inactivated cytochrome oxidase 

Cyiodrromt Syilenw, Sptdrophoiomdnc Tuhmqut — The oxidation and re- 
duction of cytochrome c was used as a basis for studying cytochrome oxidase 
coenzyme 1 -cytochrome c reductase, and succinic dehydrogenase, following 
the principles and method of calculation described earlier m this senes (14) 
All these enzymes are inactivated by ribonuclease Dilute mouse In, er homog 
enates were used as the source of enzyme and were filtered through bolting 
silk (Schindler Standard No 20 obtained from the Alhs-Chalmers Co ) to 
eliminate small shreds of connects e tissue. The test is so sensitive that only 

0 02 cc. of a 1 per cent homogenate is sufficient to reduce the cytochrome c in 
a period of several minutes Smcc the dry weight of this amount of liver is 
only 60 7 , the weight of acth e enzyme required must be very small. In order 
to study the effect of ribonuclease, tubes were made up with liver homogenate 
alone and with ribonuclease, with concentrations and incubation times deter 
mmed from Figs. 1 and 2 and with water added to give a final liver concentre 
lion of 1 per cent. Fresh and incubated controls were used 

When cytochrome oxidase was to be studied, the solution of cytochrome 
in phosphate buffer was treated with one or two minute grains of solid NatSi 04 
which immediately reduced all of the cytochrome to the ferrous state. Follow 
big this treatment, the liver homogenate was added with a drawn-out pipette 
The solution was mixed, and the zero time was noted. The solution was then 
transferred to an absorption cell, placed in the spectrophotometer and the first 
reading was taken exactly 30 seconds from the zero time Values for In and 

1 at 550 mji were then taken at 15 second intervals until the reaction appeared 
to be definitely slowing down and the initial rate at which log It/I changed 
was used to calculate enzyme activities Fig 3 shows that cy tochrome oxidase 
was inhibited by ribonuclease, in confirmation of the manometnc experiments 
Since the inactivation of cytochrome oxidase would provide adequate explana 
tion for the results with succmoxidase, it was of particular interest to determine 
whether the su conic deh) drogenase was also mactn- e. 

Succinic dehydrogenase was studied by measuring the rate of cy tochrome c 
reduction in the presence of u/3,000 cyanide, which was sufficient to pro ent 
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completely the reoxidation of cytochrome c by cytochrome oxidase but was a 
low enough concentration to avoid appreciable combination with cytochrome 
c itself in the time covered (14) In these tests, the homogenate was added 
to the buffered cytochrome c solution and allowed about a minute in order to 
oxidize completely the cytochrome c Cyanide was then added to block the 
oxidase, and the reaction catalyzed by succinic dehydrogenase was initiated 
by adding sodium succinate Readings were then taken every 15 seconds m 
the spectrophotometer to obtain the data shown m Fig 3 Determinations of 
cytochrome oxidase and succinic dehydrogenase made on the same incubation 
mixtures showed that both enzymes were inactivated to the same extent by 
ribonuclease 

Cytochrome c can be reduced not only’' by succinic dehydrogenase but also 
by enzymes which transport electrons from the reduced coenzymes I and U 
In order to distinguish between the two latter enzymes, which are specific for 
their respective substrates (5), we have called them coenzyme I-cytochrome c 
reductase and coenzyme II-cytochrome c reductase, following the nomencla- 
ture of Haas, Horecker, and Hogness (15) who applied the general name of 
cytochrome reductase to the enzyme which we prefer to call coenzyme II- 
cytochrome reductase It appears that there is a family of cytochrome reduc- 
tases and that succinic dehydrogenase may be considered as a member of this 
group, at least until it has been shown to consist of more than one component 
In the present work, we studied the coenzynne I- cytochrome c reductase by 
usmg sodium dihy'drocoenzymc I as a substrate (5) The tests were made in a 
manner identical with that used for succinic dehydrogenase, except that the 
reduced, coenzynne was used in place of succinate Experiments run parallel 
with succinic dehydrogenase are shown m Fig 4 Both enzymes were com- 
pletely mactivated by ribonuclease m this experiment According to the 
earlier ideas of the mechanism of hydrogen transport, the oxidation of CoHjI 
was mediated by succinic dehydrogenase and, if this concept were correct, the 
inhibition of Col-cytochrome c reductase by ribonuclease could be explained 
on the basis of the inhibition of succinic dehydrogenase Although this con- 
cept was considerably weakened by r the demonstration that the oxidation of a 
coenzynne I system could proceed under conditions in which succinate could 
not be oxidized (16), it seemed desirable to show that under the conditions 
employed in the experiment shown in Fig 4, the results achieved earlier m the 
over-all system could still be obtained Therefore, simultaneous tests of the 
rate of reduction of cytochrome c by CoH 2 I and by succinate in the presence of 
malonate were made Fig 4 shows that, in the presence of sufficient malonate 
to block succinic dehydrogenase completely, the coenzyme I-cytochrome c 
reductase is completely unaffected From this fact it may be concluded that 
the oxidation of coenzynne I is not mediated by the intermediate oxidation and 
reduction of the succmate-fumarate system and therefore that ribonuclease 
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Fio 3 Fig 4 

Fig 3 Inhibition of hi conic dehydrogenase and cytochrome oxidase by ribo- 
nudease. A 5 per cent mouse liver homogenate was incubated with an equal volume 
of 0.2 per cent nbonudease for 90 minutes and then diluted with water to give a liver 
concentration of 1 per cent Fresh and incubated controls were also diluted to 1 
per cent When cvtochrome oxidase was tested, each absorption cell contained 1 0 
ml, of sodium phosphate pH 7 4 0.2 mb of 3.62 X 10 -4 u cytochrome e, and 1 78 ml. 
of water After adding a gnun or two of solid Na*SiO< to reduce the cytochrome c 
0 02 ml of 1 per cent liver homogenate was added, and readings were begun When 
su conic dehydrogenase was measured each cell contained phosphate and cytochrome 
as above, plus 1.58 ml of water and 0.02 mi. of 1 per cent liver homogenate The 
reaction was initiated by adding <3J mi of a 1 f mixture of 0 Of k Na.CN and 03 u 
sodium succinate. In the chart, increases in E«# show sucdnic dehydrogenase ac 
tivity and decreases in E*u show cytochrome oxidase activity Incubated controls 
are shown in solid lines, and samples incubated with nbonudease are shown in dotted 
lines Fresh controls were not significantly different from incubated controls and 
are therefore not shown 

Fig 4 Inhibition of succinic dehydrogenase and coenxyme I-cyloehrome reductase 
by nbonudease Inhibition of succinic dehydrogenase bat not of coemymc I -cyto- 
chrome c reductase by malonate. A 2 per cent mouse hver homogenate was diluted 
with water and nbonudease aotution to give a final concentration of 1 per cent liver 
and 0.067 per cent nbonudease. Fresh controls yielded results identical with those 
of the incubated controls and therefore are not shown Each absorption cell con 
talned 2 3 ml of 0 04 u sodium phosphate pH 7 4, 0 1 ml of 3 62 X 10~* u cytochrome 
c, and 0 1 ml of 0X11 u NaCN, plus water to make a final volume of 3.0 ml after all 
additions which included various combinations of the following liver homogenate, 
0.02 ml 0 1 u malonate, 0 1 mL, 0.5 u sucanate, 0 1 ml, and 0.005 u CoH»I 0 1 ml 
The cun es shown correspond to the following combinations curve 1 liver + ColIJ, 
curve 2, liver + CojRI + makmate, curve 3 ribonuclease-trented liver + CoHjI 
curve 4 liver -f suednate curve 5, liver + sucanate 4- makraate curve 6, ribo- 
nuclease-treated hver -f Encana te curve 7 CoHtI only, curve 8, liver only 
449 
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inactivates Col-cytochrome c reductase per se The data also show that 
c} r tochrome c is not the locus of ribonudease action 

Non-Cytochrome Systems 

Catalase — The enzyme catalase resembles the cytochrome system insofar as 
it contains an iron porphyrin prosthetic group Nevertheless, it appears to 
be completely unaffected by ribonudease A 5 per cent mouse liver homoge- 
nate was diluted to a final concentration of 0 02 per cent, and 0 4 ml of this 
solution (equivalent to 24y of dry fiver) was placed in the side arms of Warburg 
flasks The mam compartment contained 1 0 ml of 0 1 m sodium phosphate 
pH 7 4, 0 6 ml of H 2 0, and 1 0 ml of 0 075 per cent H 2 0 2 which was freshly 
prepared from Merck’s superoxol After equilibration at 38°, the side arm was 
tipped, and the evolution of oxygen was measured by taking readings at 2 
minute intervals In the first tests, the liver homogenate was incubated with 
ribonudease under conditions comparable to those in Fig 1, following which 
the mixture was diluted to give 0 02 per cent liver Since this procedure might 
facilitate dissociation of any complex which might have been formed between 
catalase and ribonudease, the final procedure was to incubate a mixture con- 
taining 0 02 per cent liver and 0 1 per cent ribonudease, so that the ratio of 
the dry weights was 247 of liver to 400y of ribonudease instead of 3,0007 of 
liver to 4007 of ribonudease (which gave nearly complete inhibition m 2 hours 
m the case of succinoxidase as was shown in Fig 1) In an experiment m 
which the liver was incubated for 2 hours with ribonudease, using both the 
5 per cent and 0 02 per cent homogenates and employing both fresh and incu- 
bated controls, the ribonudease was found to exert no effect upon the catalase 
in either instance The results, expressed in /d 0 2 evolved in the first 10 
mmutes per 24y of dry liver, were as follows for the ratio 400y ribonudease/ 
24y fiver fresh controls, 103 and 99, incubated controls, 101 and 98, incubated 
with ribonudease, 97 and 96, for the ratio 400y ribonuclease/3,0007 liver 
fresh controls, 117 and 128, incubated controls, 100 and 104, incubated with 
ribonudease, 131 and 129 As a further control, a homogenate was incubated 
with ribonudease, and aliquots were simultaneously tested for catalase and 
cytochrome oxidase The cytochrome oxidase was completely inactivated, 
while the catalase was unaffected 

Phosphatase — Kabat has reported that the particulate matter in the cyto- 
plasm of kidney cells contains an active alkaline phosphatase (7), one might 
expect this enzyme to be inhibited by ribonudease, following the results with 
the succmoxidase system However, a senes of tests revealed no significant 
inhibition of the phosphatase by ribonudease The activity of the enzyme 
was measured m the following way a 5 per cent kidney homogenate was incu- 
bated with varying amounts of ribonudease and for varying time intervals 
Concentrations of ribonudease were used ranging from 500y/25 mg of kidney 
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to 2 ,OOOy/ 25 mg of kidney The incubation times were 30, 60, 90, and 120 
minutes. In some experiments the ribonuclease was incubated with kidney 
for as long as 6 hours At the end of the incubation periods, 0 1 cc. samples 
of the incubation mix were removed and pipetted mto tubes containing 0 9 ml. 
HjO, 1 0 ml of 0 1 m veronal buffer, pH 9 0, and 0.5 mL of 0 03 u MgCh At 
zero time, 0-5 ml of 0.3 m sodium ^-glycerophosphate was added, and the whole 
was incubated for time intervals ranging between 20 and 30 mmutes at 37° 
The reactions were stopped by the addition of 1 0 ml of 20 per cent tnchloT 
acetic acid which also precipitated the protein 1 mL aliquots were used for 
the determinations of inorganic phosphorus. The results of a typical experi- 
ment expressed as 7 of inorganic phosphorus liberated in 20 minutes by 2.5 mg 
of liver were as follows fresh control, 7 7, meubated control, 8 8, incubated 
with ribonuclease, 7 7 The incubation time with the ribonuclease m the above 
experiment was 2 hours, the ribonuclease concentration was 950y/25 mg 
liver In the same experiment, using the same controls and the same ribo- 
nuclease mix, suconoxidase and cytochrome oxidase assays were also earned 
out. The succinondase and cytochrome oxidase activities were inhibited 
completely 

Eight expenments were earned out m all, testing the action of ribonuclease 
on phosphatase The average inhibition by ribonuclease for the whole group 
was 10 per cent. 

Adenosme Triphosphatase — The expenments with alk ali ne phosphatase are 
subject to the cnticism that the significance of this enzyme in the relation to 
the hydrogen transport mechanism os obscure. However, the enzyme adeno- 
sine triphosphatase is probably closely integrated with the respiratory enzymes 
since its substrate is synthesized by the esterification of inorganic phosphate 
using the energy of both glycolysis and respiration, and, in fact, the dehydro- 
genation of succinate has been related to phosphate esterification (17) The 
activity of the enzyme was measured on the basis of the rate of liberation of 
inorganic phosphate from pure adenosme triphosphate (ATP) by dilute liver 
homogenates. 1 Each flask contained 05 ml. of 01 11 KCI-glycine buffer 
pH 9 1, 2OO7 of ATP m a volume of 0 4 mL, 0 45 mL of 1 per cent bver homo- 
genate, 155 mL of water After incubating for 45 mmutes, 05 ml of 100 per 
cent trichloracetic acid was added, and inorganic phosphate was determined on 
the filtrate. The liver homogenates were meubated with ribonuclease as m 
Fig 1 both fresh and incubated controls were used The results, expressed 
m 7 of inorganic phosphorus liberated per flash were as follows fresh control, 
25, meubated control, 23, meubated with ribonuclease, 22, ribonuclease alone, 
0 6 As a further control, a homogenate was incubated with ribonuclease, and 
aliquots were simultaneously tested for succinic dehydrogenase and adenosine 

1 The assay technique u still being developed and wifl be reported in detail later 
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triphosphatase The succinic dehydrogenase was completely inactivated 
while the adenosine triphosphatase was unaffected 

Urease —A large number of diverse compounds have been shown to inhibit 
succinic dehydrogenase on the basis of reaction with an essential SH group 
on the enzyme (18) These compounds also inhibit urease by the same mecha- 
nism (13) Traces of copper ions and non-specific oxidants fall in this category, 
and it is apparent that if ribonuclease contained a few tenths of a per cent of 
such substances as an impurity, succinic dehydrogenase would be inactivated 
in much the same maimer as shown in Fig 1 However, in such an event, 
urease would be inhibited in a similar fashion, and tests have shown that it is 
not The tests were earned out as follows the side arms contained 400y of 
nbonuclease m 0 2 ml of water and 40y of commercial urease in 0 2 ml water, 
the mam flasks contained 1 0 ml of 0 1 m pyrophosphate buffer at pH 5 0 plus 
0 3 ml of 2 m urea and water to grve 3 0 ml after the urease and ribonuclease 
were added The ribonuclease was added to the flasks at various times as in 
the succinoxidase experiment described in Fig 1 and, at the end of the 2 hour 
penod, the side arms were tipped and the COj evolution was measured The 
results, expressed as Oco, values, were as follows fresh control, 9,250, incubated 
control, 9,620, incubated with nbonuclease for 30 minutes, 8,800, for 60 
mmutes, 9,040, for 90 minutes, 8,840, and for 120 minutes, 8,690 None of 
these figures differs significantly from the mean, showing that nbonuclease 
does not inhibit urease From this fact, it may be inferred that the inhibition 
of succinic dehydrogenase is not due to a non-specific oxidation of sulfhydiyl 
groups either by ribonuclease or by any impurity which might be present 

Xanthine Oxidase — It has been suggested that succinic dehydrogenase may 
be a flavoprotem (19, 20), and it is almost certain that xanthine oxidase is a 
flayoprotem (21) It was, therefore, of mterest to test the effect of nbonuclease 
on xanthine oxidase The tests were earned out as follows the side arms con- 
tamed 120y of partially purified xanthine oxidase in a volume of 0 1 ml plus 
400y of ribonuclease m a volume of 0 2 ml , the mam flasks contained 1 0 ml 
of 0 1 M sodium phosphate pH 7 4, 0 2 ml of 0 8 per cent sodium xanthate, and 
water to make a final volume of 3 0 ml The ribonuclease and xanthine oxidase 
were added to the vanous flasks at the same times, and, after various periods 
of time, the side arms were tipped and the oxygen uptake was measured m 
flasks containing ribonuclease and in parallel control flasks The results, 
expressed m the basis of the oxygen uptake dunng the first 10 mmutes, were 
as follows after 30, 60, 90, and 120 minute periods of mcubation, respectively 
controls, 97, 94, 90, and 96, with ribonuclease, 101, 103, 97, and 101 It is 
apparent that the xanthine oxidase was unaffected by ribonuclease 

DISCUSSION 

The data presented above show that of the eight enzymes tested, ribonu- 
clease specifically inhibits only Col-cytochrome reductase, succinic dehydro- 
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genase, and cytochrome oxidase. On the basis of Lonng’s work, tins fact may 
be taken as an indication that a ribonucleic add is m some wav associated 
with these enzymes If this 13 indeed the explanation for the results, then 
the failure of ribonuclease to inhibit urease and xanthine oxidase is reasonable 
enough these enzymes are highly purified and almost certamly do not contain 
any ribonucleic aad. But in the case of the alkaline phosphatase, there is 
evidence that the enzyme is attached to particles (7) and that these partides 
may be no different from those described by Claude (8) The present evidence 
would seem to indicate that the phosphatase is not associated with ribonucleic 
aad. The evidence obtained from negative ribonudease experiments becomes 
inconclusive, however, when it is realized that all of the enzymes which we have 
found to be inhibited by ribonudease are able to act only when they art asso- 
ciated tenth eytocJirome c Since ribonudease does not act on cytochrome c 
directly, it is possible that succinic dehydrogenase, Col-cytochrome c reductase, 
and cytochrome oxidase are Components of a complex ribonudeoprotein of 
macromolecular dimensions and that, when ribonudease acts on the ribonucleic 
acid contained therein, it prevents cytochrome c from approaching the enzyme 
components with the result that those enzymes whose action is dependent upon 
cytochrome c appear to be inactivated. Other enzymes like phosphatase and 
catalase could conceivably be m the same or m a similar complex but they do 
not require cytochrome c for their action, and molecules such as /3-glycero- 
phosphate and hydrogen peroxide which are relatively small compared with 
cytochrome c (molecular weight 13,000) might reach their activating centers 
unhindered. The Con-cytochrome c reductase in a homogenalt should also 
be inhibited by ribonudease, but the CoII-cyto chrome c reductase which has 
been isolated from yeast foUavnng autolysxs (15) should not be affected by ribo- 
nudease according to this concept 

The experiments on Col-cytochrome c reductase seem to merit special atten 
tion, since the fact that this enzyme and su conic dehydrogenase appear to be 
closely associated might be taken as evidence in support of the Szent Gyflrgyi 
theory However, the evidence is explained adequately on the basis of their 
rble as cytochrome c reductases and implies nothing which can be used to prerv e 
that the oxidation of C0H3I is mediated by the sucanate-fumanite system 
The experiments with malonate, shown in Fig 4, indicate quite strongly that 
the activating center for succinate is distinct from that which activates CoHjI 
and provide striking confirmation for the earlier demonstration of this 
fact (16) This fa the third experimental demonstration of this point, the 
second was provided by Straub (22) of the Szent-Gytirgyi school Straub was 
able to inactivate the succmk dehydrogenase con tamed in a muscle pulp bv 
keeping it at pH 9 for an hour, then neutralizing back to pH 7 .3 The resulting 
preparation was completely unable to oxidize succinate but showed scarcely 
any loss in the ability to oxidize reduced Col (malate system) As a result of 
this experiment Straub stated that reduced fbvoprotein (which we identify 
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as Col-cytochrome c reductase) "does not react with succinic dehydrogenase 
but has its direct connection with the oxidizing system ” This statement is 
much more far-reaching than that of Potter (16, 23) whose experiments with 
malonate, which were analogous to Straub’s experiments with alkaline in- 
cubation, led to the conclusion that there is at least a path alternate to the 
Szent-Gyorgyu mechanism Straub’s statement appears to renounce the 
Szent-Gyorgyi mechanism completely The other data pertinent to the 
Szent-Gyorgyi theory have been previously discussed (24), and there now 
seems to be no reason for its continued application m the absence of new 
supporting evidence 


SUMMARY 

1 The effect of ribonuclease on various enzyme systems was studied as one 
approach to the problem of whether or not these enzymes are contained m 
macromolecules of ribonucleoprotein nature in’ protoplasm 

2 Ribonuclease inhibited Col-cytochrome c reductase, succinic dehydro- 
genase, and cytochrome oxidase, all of which require cytochrome c in order to 
function Ribonuclease did not act on cytochrome c 

3 Ribonuclease did not inhibit urease, xanthine oxidase, catalase, alkaline 
phosphatase, or adenosine triphosphatase under the conditions employed 

4 It was suggested that ribonuclease acted stencally by preventing contact 
between cytochrome c and its activating centers 

5 It was suggested that the enzymes inhibited may be contained in a ribo- 
nucleoprotein of macromolecular dimensions but that the enzymes not inhibited 
are not necessarily excluded from such a complex by the data presented 

6 Further evidence against the Szent-Gyorgyi theory of hydrogen transport 
was presented and discussed 
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PACEMAKERS IN NITELLA 
III Electrical Alternans 
Br\\ J V OSTERHOUT 

(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Rccened for publication, February 16, 1943) 

Alternans is a com ement term used to denote the alternation of strong and 
weak heart beats There maj be an alternation in the electrical responses 
which accompany the contraction*. 1 * 

Alternation in electrical response* is also found 3 in Ntfella , as seen in Fig 1 
The records were made by leading off from three regions C, D, and E on the 
NilcUa cell to a fourth spot F as described m previous papers * and recording 
each lead by means of an Emthovcn galvanometer w ith 3 strings. 

In no case was electrical stimulation applied The impulses came from 
regions of the cell which acted as pacemaker* Such pacemakers can some- 
times be produced artificially b> placing a drop of 0 01 m KC1 m contact with 
the cell This holds the r j) constant approximately at zero a neighboring 
spot can discharge into this and as soon as its p d builds up m the process of 
reanery it can discharge again and so set up a long tram of action currents. 
In most cases such a drop wus applied at the nght hand end of the cell but 
in man> instances the pacemaker proved to be elsewhere 
The cells were kept m 0 01 u NaCl before the record was made this tends 
to promote quick action currents, 4 

In the record shown in Fig f the impulse passed afong the cefl from D to C 
(as is evident m other parts of the record not shown here), giving a full re- 
sponse at D but onlv a partial response at C (The record at £ is not shown ) 

1 White F D Heart disease New \ork The Macmillan Company 2nd edition 

1937 569 

3 Ostcrhout, W J \ and Hill S E J Gen Physiol 1918-39,22,115 
’The cells after being freed from neighboring cells itood fn the laboratory at 
15* =fc 1°C in Solution A (ef Ostcrhout W J V and HH1 S E / Gen Phfsiot 
1933-84 17, 87) for se\ eral day s. They belonged to Lot B (cf Hill, S E and Oster 
hout W J V Proc Nat Acad Sc , 1938,24, 312) 

The measurements were made on NtltUa JJenlts -\g. using the technique dcicnbcd 
in former papers (Hill S E. and Osterhout W J I / Gen Ph\siol 1937-38 21, 
541 Ostcrhout W J \ and Hill S E / Gen Physic* 1933-14 17, 87 1934-3$ 
18, 499 1938-39 22, 1 15) Records were made at about 22*C 

The distance between C and D and between D and £ \ros 25 mm and that b<i 
tween E and F 37 ram. unless otherwise stated 

There was no Indication of injun in these experiments. 

* mil S E and Ostcrhout, W J 3 J Gen Physiol 1938-39 22, 91 
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Fig 3 The impulse passes from C to D The partial response Is variable and Is 
reduced in places to fl \er> slight hump 

C and D are in contact withO Ot u NaCl and r is in contact with 0 01 m KC1 which 
Weeps the pjd constant appronmateh at zero. 

The cdl was freed from neighboring cells and kept for 30 (lavs at 15 =fc l*C in 
Solution A and then placed for 45 minutes in 0 01 m >.aC\ at about 22° C. before the 
record was made 
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Fig 4 The impulse passes from E to C and in several cases on reaching D produces an abnormal response showing a small hump 
or thickening on the upstroke At C partial responses arc observed 

The timing shows that the humps at D do not represent separate impulses as they do in Figs 2 and 3 
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represents a ‘base line ’ indicating the resting potential and that the part of the 
curve which dips below thi3 represents after positmt} This is evidently 
not the case * 


Neg 
Zee o 
Pos 

100 mv 


ISIeg 

Zero 

Pos 



Flo 7 The impulse passes from C to D Both spots show thickenings of the 
upstroke which are similar but not identical. 

C and D are in contact with 0 01 si IsaCl and F is in contact with 0 01 it KC1 which 
keeps the pjj constant approximate^ at tcro. The leads are 18 mm apart. 

The cell was freed from neighboring cells and kept for 40 days in Solution A 
15 ± t°C It was placed for 2.5 hours in 0 01 si NaCl at about 22°C before the 
record was made. 

Heavy time marks 5 seconds apart. 


We also meet with curves as m Fig 7 where the thickening is not in the 
middle of the upstroke but at the bottom nnd there is no hump here it does 
not seem probable that the thickening represents altemans any more than the 
somewhat similar thickening at D m Fig 5 Whether a thickening or even a 
slight hump signifies a deficiency in any given case must be decided bj the 
timing relations 

Wh) does a partial response occur? Possibly because the approaching 
‘C/HiBSE andOsterhout \\ J \ J Cat Pkyjui 1938-39 22, 103 (Fig lT* 
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impulse finds the protoplasm in a “relatively refractory state” which follows 
stimulation By the time the next impulse arrives the protoplasm may have 
passed out of this state so that it is able to give the full response 

In what is here called a full response the magnitude may be much less than 
normal and this may be due to the relatively high frequency Since the fre- 
quency is at least 30 times the normal it is quite possible that each action curve 

r 

I Zero 
Pos 

i 

50 mv- 


Neg 

Zero 

Pos 


Fig 8 Shows the sudden appearance of a 2 to 1 ratio The impulse passes from 
D to C The first 7 action currents at D are follow ed bv corresponding action cur- 
rents at C but after this every other action current at D is follow ed by one at C this 
is presumably because every other impulse finds C in the absolutely refractory state 
and is therefore unable to produce any response (Recovery at D is incomplete in 
some cases ) 

C and D are in contact w ith 0 01 m NaCl and F is m contact with 0 01 M KCI w hich 
keeps the p d constant approximately at zero The leads are 28 mm apart 

The cell v r as freed from neighboring cells and kept for 40 days in Solution A at 
15 ± 1°C It was placed in 0 01 M NaCl for 3 hours at about 25°C before the record 
was made 

Heavy time marks 5 seconds apart 

m the record at D in Fig 2, for example, is initiated in the relatively refractory 
state and is consequently of less than normal magnitude 

It is interesting to compare the deficient responses in Nilella with those ob- 
served m nerve W hen the frequency exceeds a certain value m nerve the 
responses may at first be normal or nearly so but deficiencies in response may 
appear and become more pronounced as time goes on The magnitude of 
response may fall off and regular altemans may make its appearance 6 

6 Cf Gasser, H S , The excitability cj cle, in Erlanger, J , and Gasser, H S , Elec- 
trical signs of nen ous acti\ ltv, The Eldndge Ree\ es Johnson Foundation for Medical 
Ph} sics Lectures, Philadelphia, Unnersit} of Penns\I\ama Press, 1937, 173 
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If the action curve is correlated with a movement of potassium, as elsewhere 
suggested, 7 we may say that the falling off m the magnitude of the response 
denotes a falling off in the magnitude of the movement of potassium which may 
perhaps be due to a change m permeability 

In some cases the protoplasm may be m the “absolutely refractory state ' 
so that no response occurs. In this case* we may obtain a 2 to 1 ratio of re 
spouses, 5 as seen m Fig 8 The absolutely refractory state in Nitdla is ex 
tremely variable and may last from a few seconds to several minutes, depend mg 
on the nature of the cells, the time of year, and the treatment received in the 
laboratory 

In addition to the action curves shown here a variety of others are observed, 
many of which seem to be capable of explanation on the basis here set forth 

It is evident that regions of the cell not widely separated may react differ 
ently 1 This requires further study 

SUMMARY 

An electrical impulse traveling along a Nxtdla cell may produce a complete 
or a partial response. The two kinds of response may occur in regular al 
teraation. 

The partial response vanes greatly and ma> be so far reduced os to appear 
as a local thickening m the upstroke of the action curve, usually accompanied 
by a more or less pronounced hump In consequence a considerable variety of 
action curves is produced 

The observations show that different regions of the cell may react 
differently 

1 0stexhout, W J V / Gtn. Pkynd 1934-35 18,215 

• In most cases each deficiency at C is preceded by a partial deficiency at D 
since the impulse arrives at D before recovery is complete. 
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THE EFFECT OF LOW OX\ GEN TENSION ON TISSUE METABOLISM 
(RETINA) 

By FRANCIS N CRAIG act HENRY EL. BEECHER* 

(From the Anesthesia Laboratory of ike Harvard Medical School at the Massachusetts 
General Hospital, Boston) 

(Received for publication February 27, 1943) 

I 

These experiments were undertaken initially to determine whether conflrma 
tion could be found for the observation of Laser (1937 a) that in an atmosphere 
containing only 5 volumes per cent of oxygen, both respiration and glycolysis 
of rat retina were at or near their maximum rates. On the basis of his experi- 
ments with return and other tissues Laser stated that "the Pasteur effect under 
the conditions of the experiments depends upon the oxygen tension rather than 
upon the rate of respiration." Thus the implications of his observation are 
such that it is important that they be either supported or challenged Stem 
and Melnick (1941) repeated the experiment of Laser while determining the 
physiological absorption spectrum of the Pasteur enxyme but the data were 
obtained at a temperature of 27° For this reason it was desirable to have fur 
ther data at 33° 

Since manometnc methods alone were employed by Laser, his work provided 
data for glycolysis m bicarbonate medium but not in phosphate medium The 
nature of the buffer boa been found to influence profoundly the metabolism of 
retina, particularly with respect to its magnitude and to its sensitivity to cy 
arude and carbon monoxide (Laser, 1936, 1937a, and 19376) Therefore it 
was also of interest to test chemically whether the substitution of phosphate 
for bicarbonate buffer would affect the relationship between glycolysis and 
oxygen tension. 


n 

The retinas obtained from three or six mongrel white rats were prepared in the 
light at room temperature, cut in half, and pooled 5 minutes per rat were required 
for preparation The retinas were suspended in a medium that contained NaCl 
0 118 u K.C1 0 0024 u, CaCli 0 0017 u MgCb 0 0007 m and glucose 0011 u in 
addition to the buffer In medium containing phosphate buffer (NaHjPOi 0 003 u 
and NtjHPOi 0 017 u) oxygen uptake was determined by the first method of Warburg 
(1923) The lactic acid that accumulated in the vessel during the prelirmnarj penod 
of equilibration and the experimental period was determined colonmetncally by the 

* Aided by a grant from the Milton Fund of Harvard University 
467 
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method of Barker and Summerson (1941) In nine tests the lactic acid formed in 
the equilibration period at different oxygen tensions was 25 =fc 1 8 per cent of the total 
found at the end of a 2 hour experiment Accordingly, 75 per cent of this total was 
used in calculating the Q a Qa = 0 004 mg of lactic acid, per milligram of tissue per 
hour In medium containing bicarbonate buffer (NaHCOj 0 024 m and 5 per cent 
COi), both oxygen uptake and lactic acid output were determined by the second 
method of Warburg (1924) In this method the estimation of lactic acid output 
includes the assumption that the respiratory quotient is 1 Actually the r q of 
retina is lower (Laser, 1937a, Greig, Munro, and Elliott, 1939), but this fact does not 
impair the usefulness of the method 

The gas mixtures were made by displacement of saturated CaCh solution from 20 
hter carboys They were analyzed with the Haldane apparatus The mixtures were 
reported on a dry basis, it being understood that the water vapor at 38°, the tempera- 
ture of the experiments, amounts to 7 volumes per cent Consequently the tension 
in atmospheres is equal to 0 93 times the volume per cent as stated in the body of the 
paper Laser’s procedure was followed particularly with regard to the rate of shaking 
(160 cycles per minute) and, in bicarbonate medium, to preliminary equilibration of 
the vessels with the gas mixtures before addmg the tissues At the conclusion of a 1 
or 2 hour experimental period, the retinas were nnsed and dried to constant weight 
When lactic acid was to be determined chemically, the expenment was conducted for 
2 hours to obtain a larger amount for analysis 

m 

The data are summarized and compared with those of Laser in Table I In 
phosphate medium the only significant change in with time was an increase 
from the 1st to the 2nd hour with 0 5 per cent oxygen, m bicarbonate medium, 
the metabolism often fell off during the 2nd hour 

The data for bicarbonate medium are m essential agreement with those of 
Laser Therefore not so many bicarbonate buffer experiments were done as 
with phosphate, where we differ with him In bicarbonate medium there was 
no significant decrease in oxygen uptake with oxygen mixtures between 95 per 
cent and 5 per cent, while at 5 per cent the lactic acid output was almost at the 
anaerobic level 

In phosphate medium, oxygen uptake was more sensitive to oxygen tension 
Laser reported no change m oxygen uptake when the oxygen tension was 
reduced from 100 per cent to 5 per cent, whereas m our experience, oxygen 
uptake was 38 per cent less at 10 per cent oxygen than at 100 per cent, and 51 
per cent less at 5 per cent oxygen The Q 0 i m 1 00 per cent oxygen, however, 
agreed with his figure of 17 When the individual data for respiration at 
different oxygen tensions were plotted agamst the corresponding data for 
glycolysis m Fig 1, a linear relationship was suggested This is m marked 
contrast to the situation in bicarbonate medium, where respiration and glycoly- 
sis varied with oxygen tension independently of each other 
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rv 

Burk (1939) has discussed and restated three main theories to explain the 
observed fact that in many kinds of living cells less alcohol or lactic aad ac 
cumulates m the presence of air than when oxygen is excluded In brief they 

TABLE I 

Oxjtfn U plait and Ladle Acid Output of Rtiina 
In bicarbonate medium the data are for the lit hour only In phosphate medium the 
data represent the average for 2 hours, in our experiments. 
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are first, “the fermentation intermediates are oxidized (Pasteur, Pfeffer, 
Pfiuger)/' second, “the fermentation intermediates are mainly resynthesized 
Cbleyerhof),” and third, * the fermentation intermediates are mainly not 
formed ' because “oxygen presumably maintains some reduced component of 
the fermentation enzyme system m on oxidized inactive form” (Lipmann, 
1942) The results of Laser in bicarbonate medium, which our experiments 
confirm support the third theory for they show that the rate of glycolysis 
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depended m these circumstances on the oxygen tension and not on the rate of 
respiration 

A marked increase in the sensitivity of oxygen consumption to low oxygen 
tension was observed when phosphate medium was substituted for bicarbonate 
The extent to which this change can be accounted for on the basis of a specific 
influence of the buffer on diffusion, is not known 

In connection with his studies on retina and other tissues, Laser (1937 a) 
called attention to the fact that a 5 per cent oxygen mixture is nearer to the 
physiological oxygen tension of the tissues than is 100 per cent oxygen, com- 



RESPIRATION 

Fig 1 Oxygen uptake at different oxygen tensions as a fraction of the rate in 100 
per cent oxygen in each experiment plotted agamst the corresponding value for lactic 
acid output as a fraction of the rate in 0 5 per cent oxygen 

monly employed in experiments on surviving tissue He believed also, with 
Warburg, that tissue metabolism was largely mdependent of oxygen tension 
Smce our data on oxygen consumption m phosphate medium, m contrast to 
Laser’s results, show marked sensitivity to oxygen tension, it may be well to 
mention other instances of sensitivity to oxygen tension The ingenious ex- 
periment of Laser (1932) with inflated rat lungs supported in the gas phase of 
the Warburg flask, should be recalled Here, in a situation m which questions 
of diffusion and buffer specificity do not arise, the (2oj decreased from 7 1 to 
4 6 when the oxygen tension changed from 100 per cent to 10 per cent More 
recently, Kempner (1939) has criticized, the Warburg point of view, and since 
then oxygen uptake-oxygen tension curves with critical oxygen tensions well 
above 5 per cent have been published for bone marrow (Warren, 1942), kidney 
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(Laser, 1942), and brain cortex, medulla, and spinal cord (Craig and Beecher, 
1943) Of these, bone marrow and brain cortex exhibit also the linear relation 
between respiration and glycolysis just described for retina in phosphate buffer 
One implication of this relation is that oxygen tension mav act on the two 
processes through the mediation of a common agent 

SUMMARY 

Lactic acid production by rat retina m a medium containing phosphate was 
studied chemically One half as much lactic acid was found as in a medium 
containing bicarbonate. In our experience the rate of respiration m a phos- 
phate medium was sensitive to oxygen tension, for It was 38 per cent lower at 
10 per cent and 51 per cent lower at 5 per cent oxygen than at 100 per cent 
oxygen Previously Laser had reported no decrease m respiration at 5 per cent 
oxygen in phosphate medium. In phosphate medium, when the oxygen tension 
was vaned, respiration and glycolysis bore a reciprocal relationship to each 
other 

In bicarbonate medium, when the oxygen tension was lowered from 95 per 
cent to 5 per cent there was no significant change m the respiration, but glycoly 
sis was increased nearly to the anaerobic level This agrees with the earlier 
expen men t of Laser in bicarbonate medium and adds support to his conclusion 
that the rate of glycolysis is controlled by oxygen tension rather than by the 
rate of respiration, under the conditions of the expenment. 

We are indebted to Dr Fntz Lipxnann for many helpful suggestions during 
the course of this study and to Miss Anna Murphy for her careful assistance 
with the chemical determinations. 
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THE EFFECT OF CARBON DIOXIDE TENSION ON TISSUE META 
BOLISM (RETINA) 

By FRANCIS N CRAIG and HENRY K. BEECHER* 

(From the Anesthesia Laboratory of the Harvard Medical School at the Massachusetts 
General Hospital, Boston) 

(Received for publication, February 27, 1943) 

I 

During the stud> of the effect of oxygen tension on the metabolism of retina 
(Craig and Beecher 1943), our attention was drawn to the observation of Laser 
(1936, 1937) that the metabolism of this tissue in medium containing bicar 
bonate is twice as great as it is in medium containing phosphate buffer The 
purpose of the experiments described here was to investigate whether this quan 
titative difference might be related to the concentration of the carbon dioxide- 
bicarbonate system Warburg Posen er, and Negelein (1924) had already 
demonstrated the sensitivity of anaerobic glycolysis m a tumor to the con 
centra tion of the carbon dioxide-bicarbonate buffer system 

n 

The material and its preparation, the media except for changes as noted and 
the methods were described in the preceding paper The study of carbon 
dioxide tension presented two complications. In order to keep the pH constant 
it was necessary to vary bicarbonate in proportion to carbon dioxide In order 
to maintain the osmotic pressure when bicarbonate was changed it was necess- 
ary to vary chloride inversely with bicarbonate To minimize the alteration 
in the chloride concentration, one senes was run at a lower pH 

m 

From the results on rat retina in Table I, the following are apparent The 
chloride and pH changes did not alter the effect on metabolism of changes in 
carbon dioxide-bicarbonate concentration. Lowering the pH from 7 48 to 
7 18 (as calculated from the Henderson Hasselbalch equation) depressed 
glycolysis but had no significant effect on oxygen uptake In both senes the 
oxygen uptake was maximal at 5 per cent carbon dioxide, being significantly 
less at carbon dioxide tensions of 1 per cent and 20 per cent. In both senes 
there was an increase m lactic acid output between 1 per cent and 5 per cent 
carbon dioxide but no further change beyond 5 per cent The effects of carbon 
dioxide tension at pH 7 48 are shown in Fig 1 

* Aided by a grant from the Milton Fund of Harvard University 
473 



TABLE I 

Eject of Carbon Dioxide Tension in Bicarbonate Medium on the Oxygen Uptake and Lactic 

Acid Output of Rat Retina 

Results for tie 1st iour and standard error of the mean In recording the gas mixtures 
the vapor tension of water was not corrected for This amounts to 7 volumes per cent at 
38° 


C0« vol 
per cent 

0< vol 
per cent 

NaHCOi 

1£ X 1000 

NaCl 
if X 1000 

No of ob 
serrations 

GOj 

0g 

Calculated pH 7 48 

1 

99 

5 1 

157 

16 

16 ± 2 0 

26 db 1 2 

5 

95 

24 

138 

10 

31 ± 2 3 

46 ± 2 0 

10 

90 

48 

114 

4 

29 d= 3 9 

46 ± 1 9 

20 

80 

96 

66 

5 

19 ± 4 2 

48 ±3 3 

Calculated pH 7 18 

1 

99 

2 5 

mm 

4 

15 ± 2 7 

17 ± 1 8 

5 

95 

12 


4 

25 ± 2 4 

31 ± 5 7 

20 

80 

48 

119 

4 

15 ±4 2 

30 rfc 5 1 



_i 1 1 1 i_J 

0 10 20 
PER CENT C0 2 


Fig 1 Barred circles refer to Q%'- of retina (Table I), open circles to Q 0l of retina 
(Table I), and closed circles to of sarcoma (Warburg, Posener, and Negelera, 

1924) 
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From the data in Table II it will be seen that the rates of oxygen uptake 
and of lactic acid output in phosphate medium are of the same order as those 
in bicarbonate medium with 1 per cent carbon dioxide. 

Recent indications that carbon dioxide tabes part in the Krebs cycle in 
minced pigeon liver suggested the test of whether the effect of carbon dioxide 
tension when increased from 1 per cent to 5 per cent, could be duplicated by 
the addition of succinate The results obtained when neutralized sodium 

TABLE n 

EJJect of 0J02 if Succinate on Oxygen Uptake and Lactic Acid Output 
Glucose wu thvayt present. Result* as averaged over an experimental period of 2 hours, 
and standard errors o( the means. 

A. Phosphate medium 



So ot 
obsemtlon* 

Oo, 

s-q 

Qg Determined chwnicsfly 


NiOH tn Inset i 

NiOIUWem 

Absent 

6 

16 4±0 6 

0 72 sfc 0 05 

17 ± 1 8 

17 ±0 8 

Present 

6 

18 4± t 2 

0 69±0 05 

20± 1 4 

22 ± 1 6 


B Bicarbonate medium with 1 per cent COj and 0.005 u NaHCOj. 


SocctMl* 

No. of 

obserrstkes 

Oo, 

Qa 

o C 

0 C t 

0c 



Determined ncsnoinetifcnlly 

DeUneiaed 

cbtmlctlly 

Absent 

7 

1 

1 12 ±2 1 

' 31 ± 2 9 

1 19 dc 1 8 

1 _ 

' 14 ± 1 3 

Present 

7 

26 ± 2 1 

42±2 6 

30 ± 3 0 

16 i 1 1 

14 ± 0 $ 


* 0.G — Q A ~ Go* in absence of succinate. Assumption the »-Q In the absence of sue 
dnate is 1 but the extra oxygen uptake with succinate 1s not accompanied by carbon dioxide 
production 

J Qg *■ Qa ~~ Qot w ith succinate Assumption the ovet'afl c.Q 1* 1 

succinate was made available to the retina in high concentration (0 02 u) in 
addition to glucose, arc recorded in Table II 
In phosphate medium succinate had no significant effect on oxygen uptake, 
respiratory quotient or lactic aad output. In its inability to bring about the 
rapid oxidation of suednate in phosphate medium, rat retina differed from 
manv normal tissues and resembled certain tumors (Craig Bassett and Salter, 
1941) The slight variation in carbon dioxide tension resulting from the 
presence or absence of NaOH in the mset did not influence the lactic aad 
output m the paired vessels used for the determinations of jl q with phosphate 
medium This point has been discussed b> Loser (1£42) 

In bicarbonate medium with 1 per cent carbon dioxide, the control 
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were lower than the data for respiration and glycolysis given in Table I because 
they represented the mean of a 2 hour period m which the rates were declining 
Succinate raised the Qo* to the level previously observed with 5 per cent carbon 
dioxide (Table I) It also raised Q A) the sum of lactic acid production (Q c ) 
and respiratory carbon dioxide Smce an independent chemical determination 
showed that lactic acid production was not altered by succinate, the increment 
in Q a with succinate may be attributed to an increase in respiratory carbon 
dioxide output Hence it is unlikely that the extra oxygen uptake due to 
succmate is the result of succmate dehydrogenation alone Whether the 
substrate of the extra oxygen uptake was glucose or succmate remains to be 
determined 


IV 

Sensitivity of lactic acid output by a tumor to carbon dioxide-bicarbonate 
concentration has been described by Warburg et al (1924) The data are 
shown in Fig 1 Laser (1936, 1937) noted that the respiration of retina and 
of sarcoma 189 was lower m phosphate than in bicarbonate medium Our 
results in the previous paper (Craig and Beecher, 1943) indicated that in 
retina, lactic acid production as well as oxygen uptake, was lower in phosphate 
than in bicarbonate, and lower by the same fraction Although at 99 to 100 
per cent oxygen, metabolism was quantitatively almost the same in phosphate 
medium and in bicarbonate medium with 1 per cent carbon dioxide, the possi- 
bility of a specific effect of phosphate has not been eliminated The sensitivity 
of respiration m 1 per cent carbon dioxide bicarbonate medium to oxygen 
tension remains to be studied One specific difference between the buffers 
was observed, namely, the ability of succmate to increase the oxygen uptake 
in 1 per cent carbon dioxide-bicarbonate but not m phosphate Greig, Munro, 
and Elliott (1939) found that 0 01 ji succinate did not increase oxygen uptake 
by ox retina in the presence of 5 per cent carbon dioxide and the absence of 
glucose In our experiment with succmate m bicarbonate, glucose was 
present and only 1 per cent carbon dioxide was used 

A str ikin g phenomenon noted m the present study was the observation that 
the oxygen uptake of a nearly intact tissue m the presence of glucose could be 
doubled by raismg the carbon dioxide tension from 1 per cent to 5 per cent 
The observation supports the possibility that carbon dioxide may be important 
at an intermediate stage m metabolism for the synthesis of dicarboxyhc acids 
This possibility was first suggested m connection with recent developments 
m the study of the Krebs cycle by Krebs and Eggleston (1940), Evans and 
Slotin (1940), "Wood et al (1941), and Solomon et al (1941) The subject has 
been reviewed by van Niel et al (1942), and Evans (1942) 

It is questionable whether the decrease m respiration of retina with 20 per 
cent CO‘> at pH 7 48 is related to the anesthetic effect of 20 per cent CO 2 in the 
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inspired air (Loewy, 1923, Leake and Waters, 1929, and Solomon, Kaufman, 
and DTslseaux, 1931) Work in progress indicates that the metabolism of 
cerebral cortex and medulla oblongata is not depressed by 20 per cent C0 2 
at pH 7 48 

Wallace and Hastings (1942) have presented data leading to the conclusion 
that m mammalian skeletal muscle the bicarbonate ion does not normally cross 
the cell walk The question is raised whether the bicarbonate ion penetrates 
the cell wall of retina under the conditions of the present experiments as easily 
as carbon dioxide The sensitivity of lactic acid production to pH, and the 
insensitivity to an Increase of buffered COj from 5 per cent to 20 per cent have 
been shown in Table L If one assumed from the sensitivity of glycolysis to 
external pH that glycolysis is also sensitive to changes in pH within the cell, 
then the fact that glycolysis was not affected by the above mentioned increase 
m the carbon dioxide-bicarbonate system may mean that COj and bicarbonate 
penetrate, if at all, at equal rates. If CO* entered the cell but not bicarbonate, 
then the cell would turn aad and glycolysis would be inhibited 

EUIMARY 

The metabolism of rat retina was found to be sensitive to the concentration 
of the carbon dioxide bicarbonate buffer system Increasing the carbon 
dioxide from 1 per cent to 5 per cent at constant pH nearly doubled both 
respiration and glycolysis Increasing the carbon dioxide at constant pH from 
5 per cent to 20 per cent had no effect on glycolysis, but depressed the @o, from 
31 to 19 

In a medium containing glucose and the 1 per cent carbon dioxide-bi 
carbonate buffer, the addition of succinate increased the Qo* from 12 to 26, 
without affecting glycolysis. In a medium conta inin g glucose and phosphate, 
succinate had no significant effect. 

We are indebted to Dr Fntx Lipmann for many helpful suggestions during 
the course of this study and to Miss Anna Murphy for her careful assistance 
with the chemical determinations. 
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THE INFLUENCE OF AMINO ACIDS ON THE REACTIVATION OF 
YEAST INVERT A SE 
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In a previous paper (1), the influence of some fifteen proteins on the reacti- 
vation of yeast invert ase was described. Since certain proteins of a non 
enzymatic nature partially inhibited the reactivation, it appeared interesting 
to study the effect of ammo acids on the reactivation. 

The experimental details used in this investigation were the some as those 
previously described, except that the stock solution of each enzyme prepara 
tion was made up so that the phosphate-citrate buffer concentration vras 
0 2 u, instead of 0 015 il 

Three preparations which represent extremes m the degree of purification of 
invertase were used These were (1) a commercial preparation sold under the 
trade name of convertit, a product of the Walleratem Co , of New York, which 
contains relatively larger amounts of extraneous material than the other 
preparations, (2) RNaDKD, and (3) a highly punfied preparation R a aDKD A 
(S)DAD (preparations 2 and 3 having been made according to the method of 
Lutz and Nelson (2)) The symbols represent the following R — brewery 
yeast obtained through the kindness of Jacob Rnppert Brewery, N Y , R ; ** 
dilute acid autolysis of brewery yeast (2) RN «= neutral autolysis (2), a ■= 
alcohol precipitation, D «=» 24 to 48 hour dialysis, K. «= kaolin adsorption, 
(S) ** soluble after saturating with ammonium sulfate (2), A =* alumina 
adsorption 

Since the quantity of preparation 3 on hand was limited, most experiments 
(unless otherwise indicated) were carried out at least m duplicate using prepa 
rations 1 and 2 Each result in the following section is therefore an average 
of 4 determinations. Before reactivation experiments can be done, it is 
necessary to determine the optimum pH of reactivation for each preparation, 
and to adjust the alkali for reactivation to obtain this pH because at this point 
minimum change in velocity occurs with slight c ha nge m pH 

Effect of Compounds not Containing SH or S S Groups 

For these experiments the initial invertase strength was diluted to give a 
reactivation \eloatv of from 0 03 /minute to 0B7 o /nimute 10 mg of the 
compound was used in each experiment (The reason for using this quantity 
will begnenina later section.) Accelerations or inhibitions up to 10 per cent 
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are of no significance m this type of experiment The results for the mono- 
ammo acids were as follows for dl~ alanine, an inhibition of 5 per cent, glycine, 
6 per cent acceleration, d-glutamic acid, 4 per cent inhibition, hydroxyvaline, 
10 per cent acceleration, /-leucine, 2 per cent acceleration, phenylalanine 3 
per cent acceleration, (//-methionine, 10 per cent acceleration, /-tryptophane, 
2 per cent acceleration, /-tyrosine, 7 per cent inhibition, valine, 6 per cent 
acceleration, and ^-benzyl-homocysteine, 14 per cent inhibition Using the 
dipeptides glycyl-glycme and dZ-alanyl-glycme, accelerations of 10 and 8 per 
cent respectively were ob tamed For the tnpep tides ch-glycyl-glycine gave 
8 per cent acceleration, alanyl-leucyl-glycme 0 per cent, and gly cy !-(//-] eucyl- 
df-alanine, 2 per cent acceleration It can, therefore, be stated that these 16 
compounds did not appreciably affect the reactivation of yeast mvertase 

Influence of Cysteme, Homocysteine, and Reduced Glutathione 

However, the average of the reactivation experiments (using all three mver- 
tase preparations) with cysteme resulted in an acceleration of 230 per cent, 
while reduced glutathione (on mvertase preparations 1 and 2) resulted m an 
acceleration of 159 per cent When the same quantity of cysteme was left 
m contact with mvertase at pH 4 7 and 6 0 for 75 minutes (the same length of 
time as m the reactivation experiments), an inhibition of 0 9 per cent was 
obtained Glutathione added to mvertase solution at pH 4 6 for the same 
length of time resulted m an inhibition of 4 per cent Thus, cysteme and gluta- 
thione did not alter the velocity of native mvertase, but resulted m greater 
velocities m the reactivation experiments Attention was therefore directed 
towards the effect of some SH and S-S compounds on reactivation 

Other thiol compounds and their accelerative effects on the reactivation were 
as follows homocysteine, 290 per cent, thioglycollic acid, 90 per cent, and thio- 
phenol, 220 per cent (Because of the slight solubility in water of homocysteine 
and tluophenol, each of these was first dissolved m 1 ml of 95 per cent alcohol 
Also, 1 ml of 95 per cent alcohol was added to the control experiment ) 

Then cystine, oxidized glutathione (3), and homocystme were added to 
separate portions of mvertase at pH 4 7 and these solutions were allowed to 
stand for 100 minutes Accelerations of 6, 0, and 0 per cent were noted, re- 
spectively However, the inhibitions obtained with each of these compounds 
m the reactivation experiments were as follows with 10 mg cystine, 52 per 
cent, 5 mg oxidized glutathione, 60 per cent inhibition, and 10 mg homocys- 
tme, 85 per cent inhibition Thus, an antagonistic effect on the reactivation 
velocity was obtained by the use of the above SH and S-S compounds (Be- 
cause of the insolubility of cystme and homocystme each was first dissolved 
in separate portions of the HC1 used for inactivation ) 

When the H of homocysteine was blocked by a methyl or a benzyl group the 
accelerative effect was destroyed It will be remembered that methionine 
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caused a 10 per cent acceleration and that x-benzyl homocysteine gave an 
inhibition of 14 per cent 

In this connection, it is interesting to mention some references to the growing litera 
tore on the effect of SH compounds on various native enzymes. Grassmann and 
Dycherhoff (4) showed the activating effect of SH on yeast proteases. Shortly there- 
after Waldschmidt Ldtx et al (S, 6) reported a similar activation of mammalian 
tissue proteases. They found an activator which increased as autolysis proceeded, 
and this was later identified as glutathione (7) Anson (8) showed that polypeptidase 
is activated by cysteine Fmton, Irving and Bergmann (9) concluded that splenic 
cathcpain is a multiple proteinase, some of whose factors require sulfhydryl activation, 
and some of which do not Rapkine (10 11) showed that the enzyme which catalyzes 
the ondoreduction between tnosephosphate and pyruvate is inactivated by oxidation 
with oxidized glutathione If excess oxidized glutathione is dialyzed away the en 
zyme can be reactivated by reduced glutathione or cysteine, the latter being more 
rapid in its action Bailey and coworken (12) conclude that one of the enzymes 
Involved in the primary cleavage of tissue proteins is activated by cysteine, thiocresol, 
and thioacetic aad 

The mvertase experiments reported m this paper differ in that the sulfhy- 
dryl and disulfide compounds mentioned did not alter the velocity of native 
invert ase However, these same sulfhydiyl compounds resulted in a greater 
velocity in the reactivation experiments, whereas the disulfide compounds 
inhibited the reactivation of mvertase. 

Bailey and coworkers (12) demonstrated that at the same pH at which 
cysteine increased the rate of hog liver autolysis (pH 4), the autolvsis m the 
presence of a quantity of KIO» sufficient to abolish the SH reaction was con 
siderably reduced In view of these facts, it was decided to try KIOj on in 
vertase 10 mg of KIOj did not affect native mvertase but inhibited the 
reactivation to the extent of 88 per cent. 

Addition of Cysteine at Different Points m the Inactivation and Reactivation 
Process 

The following question then presented itself What is the effect of adding 
cysteine at different points in the inactivation and reactivation process? 
This senes of experiments was earned out using RNaDKD When cysteine 
was added 1 minute after inactivation an acceleration of 230 per cent was 
obtained but when added 29 minutes after inactivation (and therefore 1 
minute before reactivation) the acceleration was 181 per cent. The control 
\ eloaty In each case was 0 042°/mmute 

An increase in the reactivation rate is obtained whether the cysteine is added 
to the invertasc before inactivation, immediately after inactivation, and mime- 
diateiy before reactivation The longer the cysteme remains in contact with 
the inactivating enzyme the greater the velocity of the reactivated mvertase. 
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This seems to suggest some definite chemical reaction between the cysteine 
and the product or products obtained on acid inactivation of the yeast mver- 
tase, or perhaps a reaction between cysteine and some possible inhibitor of 
reactivation 

The Effect of Varying Quantities of Glutathione on the Reactivation Velocity 

The results are shown in Table I Preparation It was used m this senes 
The control rate was 0 06°/minute The largest accelerative effect under the 
experimental conditions used is m the neighborhood of 10 mg of glutathione 


TABLE I 


Glutathione 

Acceleration 

mg 

per cent 

10 

141 

5 

126 

2 

93 

0 5 

15 

0 4 

2 

TABLE H 

Rate of reactivated eniyme 

Acceleration 


per uni 

0 037 

267 

0 042 

232 

0 06 

152 

0 106 

68 

0 286 

39 

0 310 

30 

For this reason it was not found necessary to use larger quantities m the reac- 

tivation experiments Likewise, it had previously been found (1) that where- 


ever inhibitoiy effects of proteins were obtained, a quantity beyond 10 mg did 
not appreciably alter the reactivation rates 

The Effect of Control Rate on Per Cent Acceleration 

Finally, it was decided to study the effect of using the same quantity of 
accelerant (10 mg cysteine) and to reactivate solutions of varying enzyme 
concentration, in order to obtain different reactivation rates The results are 
listed in Table II Preparation I was used in this set of experiments It 
can be seen that the lower the rate of reactivated control, the greater the 
acceleration 
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STO1UAKY 

1 Some 16 amino adds (not containing SH or S-S groups) did not affect the 
reactivation of yeast mvertase inactivated by acid. 

2 Cysteine, reduced glutathione, homocysteine, thiophenoi, and thiogiy 
collie acid accelerated the reactivation of yeast mvertase 

3 Cystine, oxidized glutathione, and homocystme mhibited the reactivation 
of yeast mvertase. 

4 The compounds mentioned in 2 and 3 did not affect native mvertase 

5 The use of compounds m which the H of the SH group of homocysteine 
was substituted by a methyl or benzyl nullified the accelerative effect. 

6 The longer the cysteine remained m contact with the inactivating enzyme, 
the greater was the velocity of the reactivated invertase. 

7 The per cent acceleration by cysteine is inversely proportional to the 
control rate. 
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INTRODUCTION 

The aenmtmty of a cell to radiation depends m a large measure on the 
sensitivity of its nucleus (9) The sensitivity of the nucleus m turn vanes 
with the stage of division and the rapidity of division (2, 3, 8, 12, 15, 17, 23, 25) 
The data of the various workers are not entirety m agreement, most stages of 
division, with the exception of mterphase, being reported as the most sensitive 
or the most resistant This disagreement stems in part from the vanety of 
organisms used and the type of division (mitosis or meiosis) tested, and in 
part to two factors which can be obviated through the use of suitable tech- 
niques. These factors are the lack of a specific criterion for measuring sensi- 
tivity, and the difficulty of determining exactly the stage of division at which 
radiation is applied. 

Two techniques, the pollen tube technique (21) m plants, and tissue cultunng 
(4) in animals, are available which can remove most of the difficulties encoun- 
tered in a problem of this sort. The former technique has been employed in 
this study Because of the regularity of nuclear development in the pollen 
tubes, particularly in the 1 to 4 hour period after germination in Tradescanha, 
it is possible to ascertain with a good deal of accuracy the varying sensitivity 
of the chromosomes (as regards both primary and secondary effects) as it rs 
correlated with changes m the developing nucleus. At the same time, the 
technique renders feasible a further comparison of the effects of x rays and 
ultraviolet radiation on mitotic chromosomes, with chromosome breakage 
employed as the criterion of sensitivity 

Material and Methods 

The clonal line of Tradescantia pcluioia Anders and Woodson used in this study 
was the same as that used m other x ray and ultraviolet studies (23) The slides were 
prepared according to the pollen tube technique (21), with enough colchicine, replac- 
ing acenaphthene dissolved in the sugar-a gar-gelatine medium to give an 0 001 per 
cent solution The colchidne replacement is advisable because of its ready and cer 


* Journal article Number 626, new senes. 
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tam action, and because it facilitates the chromosome analysis by spreading them 
widely in the pollen tube Fixation was earned out approximately 24 hours after the 
pollen was sown Since both x-rays and ultraviolet tend to impede prophase develop- 
ment, the greater the dose given, the longer the pollen tubes were allowed to grow 
before fixation In order to keep the agar from drying out during the exposures to 
radiation, the slides, dunng exposure, were kept in a moist chamber having a water- 
filled cell of fused quartz as a window 

X-ray treatment was delivered by a Coohdge tube (60 kv , 10 ma ), with the pollen 
tubes 10 inches from the center of the target The dose was 123 6 r/mmute, measured 
by a Victorean dosimeter 


TABLE 1 


Effects of Ultraviolet ( 2537 A) at Successive Prophase Stages ( Taken in Part 

from Swanson ( 23 )) 


Tune 

Total chromosomes 

Deletions 

Total breaks 

hri 



ftr cent 

0 

1368 

20 

2 52 

l 


54 

3 16 

2 

1728 

92 

5 32 

3 

1404 

57 

4 06 

4 

1020 

26 

2 55 

5 

1134 

13 

1 14 

9 

1236 

7 

0 56 

11 

576 

2 

0 35 

13 

1002 

2 

0 20 

15 

1470 

3 

0 21 


For the ultraviolet treatments, two low pressure mercury arcs, both of the Hanovia 
SC-2537 type, were used Both yielded approximately 85 per cent of their radiation 
at wave length 2537, while the greater portion of the remamder was above the genet- 
ically effective region of the spectrum Most of the ultraviolet data (Table I) were 
collected while the writer was at the University of Missouri (23, Table 6), and the 
light source employed operated at 5000 volts At these laboratories, the data at the 
0 and 1 hour stages, as well as checks on other stages, were obtained from a similar 
fight source but one operating at 7500 volts Comparable doses were utilized to 
permit the combining of the two sets of data 

The writer wishes to express here his sincere appreciation to Dr J C Clark of the 
Physics Department of Michigan State College for technical equipment and assistance 

OBSERVATIONS 

Differential Sensitivity to Ultraviolet 

As demonstrated m previous experiments (22, 23) ultraviolet can produce, 
in the generative nucleus, only chromatid deletions It is entirely possible 
that these deletions, through a delayed illegitimate fusion, may result in chro- 
matid translocations at some later stage m division than metaphase, but up 
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until that time, no evidence has been forthcoming which would indicate other- 
wise. That this is so results probably from the fact that broken ends induced 
by ultraviolet are more stable than those arising spontaneously or those in 
duced by the more ionizing types of radiation (11), although ultraviolet 
induced translocations have been reported (19, 20) 

The changing rate of deletions produced m the prophase stages of the genera 
tree nucleus indicates that secondary changes in the chromosomes, arising 
progressively in prophase, exert a profound influence on the mte of breakage. 
From the 2 hour stage on, a continuous decline obtains, the chromosomes 
become inherently more resistant as prophase advances At 11 hours after 
the pollen grams are sown, there is no appreciable increase over the spontaneous 
rate No visible deletions therefore are produced at these later stages by the 
incident energy The technique unfortunately does not permit a study of the 
next cell division so that it cannot be stated with certain t> that no breaks of 
any kind are produced at late prophase which might be realized at latex 
divisions 

The 0 and 1 hour stages show a decreased rate of breakage as compared to 
the 2 hour stage It would thus appear that the generative nucleus in its 
resting stage and earliest prophase 13 less sensitive to the effects of ultraviolet 
than are the later stages. Two factors, however, are apt to prove these data 
misleading Tradcscaniia pollen has a tendency to dump at an thesis, thus 
rendering it difficult to dust it onto a slide m an even monolayer There will 
be some shielding by the top pollen grains, thus materially reducing the amount 
of incident energy reaching the lowermost nudei. Also, and this is very prob- 
ably the more important factor of the two, the generative nudeus does not 
usually emerge from the pollen gram to pass into the tube until after the 1 
hour penod, necessitating thereby radiation through the wall of the grain. 
Uber (24) has demonstrated that while the transmission curve for pollen walls 
in maize has a maximum around 2500 A, the actual transmission at this wave 
length is only 30 per cent Although nothing can be said at present concerning 
the transmission by the pollen wall in Tradescanha , it is reasonable to assume 
that since it is heavily pigmented it would considerable reduce the amount of 
energy reaching the generative nudeus It seems likely therefore that the 
data do not gi\ e a true picture of the sensitivity at the 0 and 1 hour stages, and 
it b suspected though not proved, that the resting stage is more sensitive, so 
far as chromosome breakage is concerned than are the prophase stages. 

When the nudeus has passed into the tube transmission would be at its 
highest value for the nudeus is now free of the pollen wall, and the pollen con 
tents arc considerably diluted by the uptake of water It should be pointed 
out, however that Ubcr (24) has shown the pollen contents exdush e of the 
wall, to ime again a maximum at nbout 2500 A, but with an actual transmis- 
sion of onlj 20 per cent 
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Differential Sensitivity to X-Rays 

In comparing the effects of x-rays and ultraviolet on the pollen tube chromo- 
somes (23), it was pointed out that durmg the 2 to 4 hour period after germi- 
nation the effects of these two types of radiation were exactly opposite The 
sensitivity to ultraviolet decreased while to x-rays it increased This analysis 
has now been carried to a point where a comparison can be made for the whole 
prophase stage (Tables IT and HI), and it can now be stated that the differen- 
tial reaction found at the 2 to 4 period is absent at later stages, both ultraviolet 
and x-rays showing a continued drop in breakage rate as prophase approaches 
metaphase 


TABLE n 


Effects of X-rays at Successive Prophase Stages Exposure 3 Mm Bose 370 r 


Time 

Total 

chromosomes 

Single' 

deletions 

Double' 

deletions 

Translocations' 

Total breaks 

hrs 

0 

2400 

8 

20 

12 

per cent 

2 16 

1 

1596 

68 

46 

18 

9 46 

2 

2532 

119 

49 

47 

10 35 

3 

2430 

123 

30 

57 

10 98 

4 

2136 

135 

28 

54 

12 72 

5 

1800 


18 

18 

8 66 

6 

1872 

56 

0 

24 

5 55 

7 

1290 


5 

0 

1 16 

8 

1872 

6 

6 

0 

0 62 

10 

1224 

3 

0 

0 

0 24 

15 

786 

1 

0 

1 

0 38 

Control 

2520 

3 

1 

1 

0 23 


♦Single deletion 


Double deletion — . 

Translocation . . , -.-XU 


Taking the per cent of total breaks as an indication of the degree of sensi- 
tivity (Table II), the 4 hour period represents the point of maximum sensitiv- 
ity A gradual decline occurs at later stages until at the 10 hour period the 
breakage rate does not exceed that produced spontaneously The later stages 
of prophase thus respond identically to both types of radiation 
Table III presents the various types of x-ray breaks in terms of per cent 
Single deletions and translocations follow a similar trend, with their maxima 
at the 4 hour period The close relationship of single deletions to transloca- 
tions suggests that the former contribute to the production of the latter, thus 
lending additional support to the breakage-first hypothesis of Stadler The 
double deletions reveal a rise at the 1 hour period, but the decline begins imme- 
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d lately after Sax (13) has shown that similar trends are to be found among 
x ray aberrations in Tradescanita microspores. As Sax also emphasises, the 
changes, with the exception of the sharp initial rise following germination, are 
gradual in nature and correspond to the gradual changes taking place in 
prophase 


TABLE III 

EJJtcts (in Per Cent) of X Rayt at Stucessht Prophast Staia Espoxurt. 3 Min. 
Don 370 r 


Tim# 

Tout 

cbroeno*ocac* 

swu 

defcticmi 

Dooble 
deletion# ^ 

TmaloatJoia 

ToUl bml# 

kfi 1 


Hr ct»! 

tmu 

>*r tnU 

r*f tr*l 

0 

2400 

0 533 

83 

1 00 

2 16 

1 

1596 

4 26 

2 88 

2 25 

9 46 

2 

2532 

4 71 

1 93 

3 71 

10 35 

3 

2430 

5 06 

1 23 

4 69 

10 98 

4 

2136 

6 32 

1 35 

5 05 

12 72 

5 

1800 

5 66 

1 00 

2 00 

8 66 

6 

1872 

3 00 

0 00 

2 55 

5 55 

7 

1290 

0 77 

0 38 

0 00 

1 16 

8 

1872 

0 32 

0 32 

0 00 

0 62 

10 

1224 

0 24 

0 00 

0 00 

0 24 

15 

786 

0 13 

0 00 

| 0 25 

0 38 


The Correlation of Sensitivity vnth Prof hose Bthaxnor 
In attempting the interpretation of any biological mechanism, It is desirable, 
if not essential, to seek relationships between form or structure on one hand 
and behavior on the other When a relationship exists, and both ore variable, 
then their vanabUiUes should likewise show correlation This is true for 
chromosome breakage, for, as has been pointed out (13, 15, and others), the 
mechanism of breakage through radiation is conditioned to a considerable 
extent by the structure and behavior of the chromosomes at the time of radia 
tion or shortly thereafter This can be dearly demonstrated in the generative 
nudeus because of its readily traceable progressive development, particularly 
m the early prophase stages where changes in sensitivity vary greatly In 
later stages, however there Is an overlapping of stages which makes too dose 
a comparison inaccurate and undesirable 
The generative nudeus in the pollen grain before germination (0 hour penod) 
is elongated, highly chromatic, and compact (Fig 1) There can be but a 
minimum of movement m such a condensed nudeus, and conditions are such 
that external stresses are not operative thus favoring the status quo of the chro- 
mosomes. On the direct hit" theory of Sax (14) this would signify a high 
rate of reunion if x rays produce potential breaks (10), then the realization of 
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breaks would be low In either event, a low breakage rate obtains due to the 
absence of secondary factors With the beginning of germination, the nucleus 
elongates and eventually passes into the pollen tube Its length has by this 
time increased considerably (Fig 2), and although there is some decrease m the 
width, the length increase is most likely made possible by an uptake of water, a 
phenomenon long known to accompany nuclear division The initial 4-fold 
increase in x-ray breaks at the 1 hour period (Table II) is undoubtedly trace- 
able to the stresses involved in the uptake of water, with the subsequent open- 
ing up of the relic coils as well as m the elongation of the nucleus and its move- 
ment as a whole in the tube Although the individual chromosomes are 
distinct enough at the 1 hour stage there is no indication of the presence of a 
new somatic coil This coil, however, is well established by the 4 hour penod 
(Fig 3), and other observations show that spirahzation begins at about the 2 
hour stage Since the chromatid, and not the chromosome, is the unit of 
coiling, and is independent, to a certain degree, of its sister chromatid, it seems 
reasonable to assume on a prion grounds that a reduction would occur in 
number of double deletions while an increase would be found m the single dele- 
tions Since the single deletions probably contribute to the translocations, a rise 
would be expected in the latter This is what is found The period of greatest 
activity (loss of relational and relic coils, initiation of somatic coils) coincides 
with the period of greatest sensitivity Coiling during mid and late prophase 
(Figs 4 to 6) is a more leisurely affair, and movement is restricted Sax (13) 
has stated that double deletions can be produced by x-ray hits in chromosomes 
that are visibly split In the generative nucleus, the split is first evident at 
the 2 hour stage, and although at this stage the per cent of double deletions 
is low when compared to other types of breaks, they are nevertheless produced 
in appreciable numbers, thus bearing out Sax’s contention that a single hit 
can traverse the distance involved in breaking a double-stranded thread 

At the later stages of prophase, other factors must exert an influence on 
chromosome breakage, otherwise it is difficult to explain the absence of even 
single deletions What these factors are can only be conjectured at this tune, 
but undoubtedly the development of the matrix and the nucleic acid accumula- 
tion (5, 6) both act as stabilizing influences 

DISCUSSION 

The data presented reveal that while a difference exists m the reactivity of 
the chromosomes to ultraviolet and x-rays during early prophase, the later 
stages (most of the middle and all of the late prophase) show a gradually de- 
creased sensitivity to both types of radiation This, m part, is in reasonable 
agreement with the data of Sax and Swanson (15) on Tradescanha microspores 
It is not, however, m agreement with the more recent data of Sax (13), also on 
microspores, in that a fall rather than a continued rise of smgle deletions and 
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translocations is foond from mid prophase on The disagreement can result 
from two factors (1) a differential behavior of the microspore and pollen tube 
chromosomes to i rays, or (2) a difference m the interpretation of prophase 
stages. The second factor is probably the more important of the two Sax 
considers prophase to begin with the effective splitting of the chromosomes, a 
condition which may or may not be true since in the microspores there is no 
method of determining exactly the stage of division irradiated Again, if, m 
the generative nucleus, this criterion were used then prophase would begin 2 
days before an thesis, since at this time chromatid breaks can be obtained 
On the other hand, prophase in the pollen grain and tube appears no different 
than in other mitotic cells with the one exception that the generative nucleus 
is compact and elongated rather than large and spherical 
The impression is gamed, from development studies of the generative nucleus, 
that two factors determine the change m sensitivity to x rays m the 1 to 4 
hour period. These are the uptake of water which leads to an elongation of 
the nucleus, and hence leads to much chromosome movement, and the initiation 
and continuation of the spiraliratkm cycle Latex stages find the spiralizaLon 
tempo much reduced, and the chromatids widely separated, resulting in fewer 
breaks. It seems unlikely, however, that the inability of x-rays, at the dosage 
used, to produce breaks of any detectable kind m late prophase can be ade 
quately exp lamed by the above factors unless it is assumed that breaks are 
produced but are not realized until the next cell division Unfortunately this 
technique does not permit such an analysis 
That the activity of the chromosomes in prophase is inadequate to explain 
the decreasing sensitivity to ultraviolet has been emphasized (23) Also 
McChntock (11) has suggested, from genetical data, that the ultraviolet breaks 
are relatively stable, indicating that not only are the breaks not visibly 
realised but that m all likelihood they are not being produced at all To state 
it otherwise, the diminishing rate is not due to an m creasing rate of reunion 
It becomes increasing!} evident therefore that changes inherent in the structure 
of the chromosome condition its sensitivity to ultraviolet 

Since the efficacy of ultraviolet results from a selective absorption dependent 
upon the local properties of the irradiated substances, it is essential that the 
nature of these inherent changes be known if the mechanism of chromosome 
breakage is to be understood. While the chemical nature of the chromosome, 
and the alterations in its molecular structure which it undergoes while in divi- 
sion, are as yet but partially comprehended, there are three tentative aspects 
of the problem which, m relation to chromosome breakage bear further inves- 
tigation These are (1) the changes In nucleic aad attachment, (2) the be- 
havior and development of the matrix, and (3) further splitting of the chromo- 
some. Their relative importance at this time is conjectural 
The division cycle of a nucleus is accompanied b} a cycle of attachment 
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and detachment of nucleic acids to and from the protein framework of the 
chromosome (5, 6) Ultraviolet absorption techniques as well as staining 
methods show the maximum attachment to occur at metaphase, and the maxi- 
mum detachment at interphase Signer, Caspersson, and Hammersten (18) 
have further demonstrated that the molecules of nucleic acid polymerize m 
long chains which parallel the longitudinal axes of the backbone proteins with 
a spacing nearly identical with that of the polypeptides comprising the proteins 
(1) This suggests that the nucleic acids, as they accumulate, act as a protect- 
ing sheath to the encased proteins, thus preventing their dissociation by the 
action of ultraviolet Smce the accumulation continues up to metaphase, so 
the resistance will similarly increase This may serve to explain the approxi- 
mation of Stadler’s (19) ultraviolet deficiency data in maize to a nucleic acid 
absoiption curve Additional support has been furnished by Greenstem, 
Jenrette, and Hollaender (7), who show that the action of ultraviolet on sodium 
thymonucleate is one of depolymenzation It is thus possible that depolymen- 
zation of the nucleic acids attached to the proteins of the chromosome is a 
necessary step before breakage can occur Whether an explanation of the 
failure of x-rays to produce fewer and fewer breaks in late prophase (Tables 
IX and III) is to be sought m a mechanism of this sort cannot at present be 
stated, although m view of Bozeman’s (2) recent data, this seems unlikely 
The rdle of the matrix in chromosome breakage is problematical in view of 
our limited knowledge of the physical features and function of this structure 
Metz and Bozeman (12) consider x-rays to affect the viscosity of the matrix 
There is some evidence (23) that the matrix increases in dimension as the 
division cycle approaches metaphase, acting thus as a stabilizing factor in 
maintaining the integrity of the chromosome Schultz (16) has demonstrated 
the presence, in Drosophila mitotic chromosomes, of a matrix of a complex 
protein bound to the chromosome proper by ribose nucleic acid knkages Al- 
though the pattern of chromosome-matrix relationship remains obscure for the 
time being, the mere presence of this structure and the fact that a chromosome 
break must necessarily mvolve the matrix as well as the chromosome proper, 
emphasizes that it must be taken cognizance of m any consideration of the 
mechanism of x-ray or ultraviolet breakage 

A third factor which may exert an influence on the rate of ultraviolet breaks 
is the number of subdivisions m the chromosome at the time of irradiation 
Sufficient evidence has accumulated from many varied sources to state safely 
that the mteiphase chromosome is double regardless of its reaction to x-rays 
This doubleness can be best seen in anaphase, so division into half-chromatids 
must have taken place at metaphase or earlier That half-chromatids are 
present in prophase is indicated by this study In the first place, numerous 
breaks are found which extend only a part way across the diameter of the 
chromatid, suggesting that only one of the two half-chromatids had suffered 
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breakage. Also, one unequivocal and several less certain instances of half 
chromatid translocations have been detected at the 2 hour stage following 
i radiation. In the single dear case, the half-chromatids at the point of 
breakage could be traced with ease and clarity If these observations are 
correct, and it is difficult to condude otherwise, then two points become dear 
first, that smee ultraviolet is a diss ociation agent, with a limited sphere of 
action, it is to be expected that most of the breaks produced would involve 
half 'chromatids, and would therefore not be detected until the following cell 
division, and second, that ultraviolet can break a double-stranded thread, 
implying that other factors than the mere “hit,” or absorption, are necessary 
for the realization of a break m the chromosome. This latter implication is 
supported by Stadleds (19) data on endosperm deficiencies when he shows that 
although the majority of ultraviolet deficiencies are fractional, some of them 
are entire, involving in this manner both strands of a split chromosome. 

From the above discussion it is apparent that the explanations presented in 
interpreting the ultraviolet data are to be regarded as suggestive only, and 
must await further study Their validity will be tested as our knowledge of 
the chemistry of the chromosome and the chemistry of radiation increases 

SUMMARY 

1 Through use of the pollen tube technique it has been possible to study 
the sensitivity of prophase stages to x rays and ultraviolet and to correlate 
the varying sensitivity with changes in the generative nucleus of TradcscanUa 

2. Sensitivity to ultraviolet decreases from the 2 hour stage until at 1 1 hours 
after germination there is no further production of breaks The 0 and 1 hour 
stages show a decreased sensitivity over the 2 hour stage but it has been sug 
gested that this is not due to a decreased sensitivity but to shielding by the 
pollen wall 

3 Sensitivity to x rays rise* to a peak at the 4 hour stage, but then subsides 
until no breaks are realised (at a dose of 370.8 f) after the 10 hour stage In 
this respect the effects of x rays and ultraviolet are similar Each type of x raj 
break shows its own individual trend. 

4 Correlation of x ray breaks with changes in the generative nucleus indi- 
cates that the important events determining the sensitivity of the chromosomes 
to breakage are the uptake of water at the time of germination and the move- 
ment involved m spiralization The total absence of breaks after the 11 hour 
stage is not understood. 

5 The changing sensitivity to ultraviolet may depend on any one or all of 
three factors (a) the nucleic acid cycle, ( b ) changes in the matrix, and (r) 
the number oi subdivisions in the thtomosome. These are discussed although 
their relative importance is not known 
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EXPLANATION OF PLATE 4 

Figs 1 to 6 Successive prophase stages m the generative nucleus 
Fig 1 Mature pollen gram prior to germination, generative nucleus above, tube 
nucleus below 

Fig 2 1 hour stage of generative nucleus 

Fig 3 4 hour stage 

Fig 4 6 hour stage 

Fig 5 8 hour stage 

Fig 6 15 hour stage 



THE journal or 


GENERAL psysiology VOL 


26 


FLARE 4 







^.ty a mcpta* V»«» t«be chron,™^) f 



494 


SENSITIVITY OP PROPHASE POLLEN TUBE CHROMOSOMES 


LITERATURE CITED 

1 Astbury, W T , and Bel], F 0 , Nature , 1938, 141, 747 

2 Bozeman, M L , Genetics, 1943, 28, 71, (abstract) 

3 Carlson, J G, J Morphol , 1940, 66, 11 

4 Carlson, J G , Cold Spring Harbor symposia on quantitative biology, Cold Spnng 

Harbor, Long Island Biological Association, 1941, 9, 104 

5 Caspersson, T , Naiurwissenschaflen, 1941, 29, 33 

6 Darlington, C D , Nature, 1942, 149, 66 

7 Greenstein, J P , and Jenrette, W V , Cold Spring Harbor symposia on quanti- 

tative biology, Cold Spnng Harbor, Long Island Biological Association, 1941, 
9, 236 

8 Guyer, M F , and Clark, P E , Proc Soc Exp Biol and Med , 1939, 42, 565 

9 Henshaw, P S,Ant J Cancer, 1938, 33, 258 

10 Kaufmann, B P , Cold Spnng Harbor symposia on quantitative biology, Cold 

Spnng Harbor, Long Island Biological Association, 1941, 9, 82 

11 McClintock, B , Genetics, 1941, 26, 234 

12 Metz, C W , and Bozeman, M L , Proc Nat Acad Sc , 1940, 28, 228 

13 Sax, K , Cold Spnng Harbor symposia on quantitative biology, Cold Spnng 

Harbor, Long Island Biological Association, 1941, 9, 93 

14 Sax, K , J Gen Physiol , 1942, 26, 533 

15 Sax, K , and Swanson, C P , Am J Bot , 1941, 28, 52 

16 Schultz, J , Cold Spnng Harbor symposia on quantitative biology, Cold Spnng 

Harbor, Long Island Biological Association, 1941, 9, 55 

17 Scott, C M , Great Britain Med Research Council Special Rep Series, No 223, 

1937 

18 Signer, R , Caspersson, T , and Hammersten, E , Nature, 1938, 141, 122 

19 Stadler, L J , Proc 7th Internal Genetical Cong , 1939, 269 

20 Straub, J , Naiurmssenschaften, 1941, 29, 13 

21 Swanson, C P , Stain Technol , 1940, 16, 49 

22 Swanson, C P , Proc Nat Acad Sc , 1940, 26, 366 

23 Swanson, C P , Genetics, 1942, 27, 491 

24 Uber, F M , Am J Bot , 1939, 26, 799 

25 Whiting, A R , / Exp Zool , 1940, 83, 249 


EXPLANATION OF PLATE 4 

Figs 1 to 6 Successive prophase stages in the generative nucleus 

Fig 1 Mature pollen gram pnor to germination, generative nucleus above, tube 

nucleus below 

Fig 2 1 hour stage of generative nucleus 

Fig 3 4 hour stage 

Fig 4 6 hour stage 

Fig 5 8 hour stage 

Fig 6 15 hour stage 



PHYSICAL PROPERTIES OF THE ALLANTOIC AND AMNIOTIC 
FLUIDS OF THE CHICK. 

L Specific Conductance 
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The importance of the composition of the surrounding medium to the 
development of the organism is well known and may be studied to great 
advantage in the hen’s egg in which the embryo secretes its own external en 
vironment, the ammo tic fluid In the later developmental stages, when the 
allantois has come to surround the other components of the eg g, the contents 
of this membrane are also of significance The extra-embryonic fluids of the 
developing chick have received considerable attention m the past, but until 
recently the investigations have not been sufficiently systematic to afford a 
complete picture of the changes m the nature of these fluids or of the effects 
which this changing environment might exert upon the developing embryo 
Most of these analytical studies have been limited to investigations of changes 
in the chemical composition of the fluids at different stages of development 
It is equally important to secure information as to the changes in their physical 
properties The present series of electrical conductance measurements under 
takes to supply some of this information 
Relatively few investigators have concerned themselves with the study of 
changes in the electrical conductance of the extra -embryonic fluids. Of these, 
Romanoff and Grover (1936) are the only one* who have examined this ques- 
tion systematically in the chick. The present work, which was completed 
before the appearance of their paper, has yielded slightly different results and 
hence is reported here. 


Material and Methods 

The eggs used m these experiments came from a large flock of Barred Plymouth 
Rock puBeta. Incubation was earned out at 3B-5°C. in a regulation Thdco Incubator 
Samples of the fluids were obtained as follows The shell and outer shell membrane 
were removed from the region of the air chamber and the opaque inner shell membrane 
rendered transparent by painting with mineral oiL It was thus possible to insert a 
fine glass pipette into the allantoic cavity without ruptunng any of the allantoic 
blood vessels and withdraw a sample of the contained fluid Thu sample was then 
transferred to a small glass wal, stoppered tightl> and the vial and its contents 
placed In a wire rack within the temperature bath. In the case of embryos of less 
than 8 days incubation, the pipette could not be inserted directly into the allantoic 
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Since considerable variation was apparent between chicks of the same incubation 
age, the idea of plotting conductance against Incubation time was abandoned and 
instead the natural logarithms of the -various wet weights (in grains) were used as 
abscissae. This function of the weight was used merely for convenience, the data 
bong thus spread out in better fashion On the same graph, however, are to be 
found vertical lines, more or less arbitrarily drawn, classifying the embryos secondarily 
according to days' mculiation. 

The apparatus used in the determination of the electrical conductance was the one 
described by Jones and Josephs (1928) Since most standard cells for conductance 
work are designed for relatively large volumes of fluid it was necessary to design a 
microcell which could be used with the small volumes of fluid found during certain 
developmental stages. TTns cell has been previously described (Walker 1938 o) 





Fio 1 Histogram resulting from application of index to experimental material 
Numbers refer to individual animals used 

Experiment had shown that an interval of about 20 minutes should be allowed 
before each measurement for the liquid within the cell to come to equilibrium with 
the bath temperature (20° C.) Readings were then taken at 5 minute Intervals 
until three consecutive readings checked within 1 ohm. This represented an accuracy 
of at least one part in a thousand generally in fact an even higher degree. The 
specific conductance waa then computed from the cell constant m the usual manner 
Throughout this senes of experiments, the resistances were measured at 20°C 
a temperature chosen arbitrarily It seemed possible that the change produced by 
cooling the fluids from the incubator temperature to 20* might vary In magnitude 
with the age of the embryo Accordingly the fluids from two chicks, one aged 9 
diys and the other 16 were measured at both temperatures and the effects of this 
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cavity, since this membrane had not yet become fused with the chorion in the region 
of the air space In such instances, more shell had first to be removed to expose the 
sac. 

After the allantoic fluid had been sampled, enough shell was removed so that the 
contents of the egg could be gently poured out into a finger-bowl A clean pipette 

TABLE I 


The Effect on Measured Resistance of Decreasing the Temperature 


Material 

Resistance m ohms 

Increase 

&R/R31 

Rio 

R* 9 

A R 





fer cent 

A37 ALF 

1142 

793 9 

349 1 

43 97 

AM F 

1031 5 

719 7 

311 8 

43 32 

A38 ALF 

1792 

1251 5 

540 5 

43 19 

AMF 

1853 5 

1291 7 

561 8 

43 49 

1 

Average per cent mi 

crease 



43 47 


TABLE n 


Average Measurements of All Embryos Used 


Age 

Crown rump 
length 

Weight 

In W 

Specific conductance 

AL.F 

AMS 

days 

cm 

gm 


mhos per cm 

mhos per cm 

7 

2 6 

0 71 

I 66 

0 01157 

0 01328 

8 

3 0 

1 02 

0 02 

0 00994 

0 01319 

9 

3 3 

1 41 

0 34 

0 01026 

0 01316 

10 

3 6 

1 95 

0 67 

0 01021 

0 01323 

11 

4 2 

2 76 

1 01 

0 01145 

0 01357 

12 

4 7 

3 87 

1 35 

0 01042 

0 01348 

13 

5 2 

5 10 

1 63 

0 01088 

0 01334 

14 

5 8 

7 21 

1 98 

0 01066 

0 01297 

15 

6 4 

10 26 

2 33 

0 01031 

0 00811 

16 

7 1 

13 13 

2 57 

0 01047 

0 00826 

17 


15 00 

2 71 

0 00865 

0 00883 

18 


17 27 

2 85 

0 00904 

0 01014 

19 


21 00 

3 04 

0 00762 

0 01221 


was used in drawing off samples of the amruotic fluid, otherwise the technique was the 
same as described above Precautions were taken that all glassware used in handling 
these samples was thoroughly dean and dry 

In order to obtain enough material in each case to fill the conductance cell (about 
0 1 cc), the range of development studied was limited No samples were taken 
from embryos younger than about 7 days or older than about 19 
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Since considerable variation eras apparent between duds of the tame Incubation 
age, the idee of plotting conductance against incubation tune was abandoned and 
Instead the natural logarithms of the various wet weights On grams) were used as 
absefssae. This function of the weight was used merely for convenience, the data 
bang thus spread out in better fashion. On the same graph, however, ara to be 
found vertical lines, more or less arbitrarily drawn classifying the embryos secondarily 
according to days incubation. 

The apparatus used in the determination of the electrical conductance was the one 
described by Jones and Josephs (1928) Since most standard cells for conductance 
wort arc designed for relatively large volumes of fluid, it was necessary to design a 
microceU which could be used with the s mal l volumes of fluid found during certain 
developmental stages This cell has been previously described (Walker, 1938 a) 



Fio 1 Histogram resulting from application of index to experimental material. 
Numbers refer to individual animals used. 


Experiment -had shown that an interval of about 20 minutes should he allowed 
before each mnaaurement for the liquid within the cell to come to equilibrium with 
ibe bath temperature (20”C) Readings were then taken at 5 minute intervals 
autil three consecutive readings checked within 1 ohm This represented an accuracy 
of at least one part In a thousand generally in fact an even higher degree The 
’P'ofic conductance waa then computed from the ceil constant in the usual manner 
Throughout this aenes of experiments, the resistances were measured at 20"C. 

* temperature chosen arbitrarily It seemed possible that the change produced by 
c °0tag the fluids from the incubator temperature to 20° might van Id magnitude 
•dth the age Of the embryo Accordingly, the fluids from two chicks, one aged 9 
*»i the other 16 were measured at both temperatures and the effects of tha 


A 



Fig 2 The specific conductance of the allantoic fluid — approximate incubation 
age indicated on top scale 



Fig 3 The specific conductance of the amniotic fluid — approximate incubation age 
indicated on top scale 
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decrease in temperature compared. The results of this experiment are shown in 
Table L 

The slight variation in the above percentages is insignificant in view of the known 
variation existing between chicks of the same age- Furthermore, since the ages of 
these two embryos represent rather widely separated stages it seems logical to 
suppose that this increase in resistance is fairly constant throughout the range of 
development studied. This means of course that the shape of the resulting curves 
has been unaltered, but merely their positions changed by this drop in temperature. 

Exptnmtnial Doia 

Specific conductances were determined for each of the two fluids upon ten 
chicks of each “age” within the range of development studied Determina 
tions upon chicks whose index value (see Walker, 19386) lay outside the range 
of normality were ruled out, as were all cases in which either fluid had been 
accidentally lost or was thought to be contaminated in any way Fig. 1 shows 
the histogram obtained after having calculated the indices for the individual 
chicks used in this series of experiments The individual conductance values 
obtained in the case of the allantoic fluid are plotted in Fig 2, those of the 
ammo tic fluid in Fig 3 In both cases the average values for each “day” are 
also shown These averages are contained in Table H below Points marked 
“abnormal” represent determinations on chicks whose index lay outside the 
range of functional normality (315-353) 

DISCUSSION 

From an examination of Fig 2, it is evident that by the 8th day of in Cuba 
tion, a decrease in the specific conductance of the allantoic fluid has occurred 
Unfortunately, the true magnitude of this decrease is not determinable, since 
no measurements were made upon fluids from embryos younger than about 7 
days This decrease agrees with the observations of many workers, among 
them Needham (1925, 1926a, 19265), that there occurs In the chick a sue 

cession of end-products in nitrogen metabolism ammonia > urea ► uric 

add The period of maximum ammonia production occurs quite early in 
development (about the 4th day), but the peak in the production of urea is 
not reached until the 9th day Accordingly, it is not surprising to find a 
relatively high specific conductance indicating a relatively high percentage of 
these two dissociable compounds present at this time Between the 7th and 
8th days, the concentration of the relatively insoluble uric acid is increasing 
rapidly, while that of ammonia is decreasing This is evidenced by the falling 
conductance values of this period Little information is available on the 
important question of the amount of inorganic material present at this stage 
Kamei’s (1928) data show a high concentration of these substances on the 9th 
day, but do not tell whether or not this is the case before this time. The 
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decrease in conductance prior to the 9th day might be thought of as resulting 
from a decrease m the concentration of these readily lomzable substances 

From the 9th to the 13th days, the conductance of the allantoic fluid shows 
rather irregular fluctuations, tending to rise slightly There do not seem to be 
very significant changes here, although a slight increase in the relative lomc 
concentration is indicated However, from the work of many investigators — 
Fiske and Boyden (1926), Targonshi (1927), Fndencia (1912), Needham 
(1926a, 1931), Tomita and Takahashi (1929), Kamei (1928), Yamada (1933), 
and Needham, Brachet, and Brown (1935) — it is known that the total con- 
tamed nitrogen (presumably in the form of unc acid) is increasing throughout 
this period of development Since conductance values remain relatively 
stable, this must mean a corresponding increase in dissociable constituents 
That these dissociable constituents are not inorganic salts is perhaps indicated 
by the data of Kamei (1928), however, his examination was not complete, and 
the results do not agree with those of Iseki (1930) on the chemical constituents 
at this stage Hence, too much weight cannot be placed on these findin gs 

Between the 13th and 16th days the conductance of the allantoic fluid is 
beginning to dimmish somewhat During this time, the change-over from 
mesonephric to metanephnc excretion is occurring in the embiyo, and the 
changes in conductance may be linked with this phenomenon Certainly the 
relative concentration of the non-dissociable uric acid is still increasing at this 
stage Furthermore, the absorption of water from the contents of the allantoic 
sac is now beginning, although it is not nearly as marked as m the last few 
days of incubation 

The final descent of the conductance curve at the end of the period of de- 
velopment mvestigated is doubtless explainable on the basis of water absorp- 
tion It is known that a marked decrease in the volume of the allantoic liquid 
occurs at this time, and with this absorption of water would go a decided in- 
crease in the relative concentrations of all solutes and substances suspended m 
the fluid itself Smce unc acid and certain insoluble urates are still the chief 
constituents here, it is to be expected that the specific conductance of the fluid 
would show a pronounced decrease 

In the case of the ammo tic fluid (Fig 3), the conductance values recorded 
over the first penod of development studied are decidedly higher than those of 
the allantoic hquid during this same time This is to be expected from a con- 
sideration of investigations on the chemical constitution of this fluid Fiske 
and Boyden (1926), Targonski (1927), Kamei (1928), and others have definitely 
shown that the ammotic fluid contains decidedly less mtrogen than the allan- 
toic, which is, of course, receiving the end-products of the embryo’s mtrogen 
metabolism Kamei (1928) has also demonstrated a higher concentration of 
inorganic substances m this fluid That so little change is evidenced up to the 
13th day of incubation indicates that a fairly constant relationship is being 
maintained between ionized and un-iomzed material The slight maximum 
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seen at the 11th day 15 probably a true one, for it is shortly after this stage, 
according to Hirota (1894), that the perforation of the sero-ammotic connective 
occurs, with the attendant passage of the contents of the albumen sac into the 
■cavity of the amnion. These observations are borne out by the subsequent 
precipitous fall in conductance values recorded during the 14th and 15th days 
Apparent!} , the influx of protein material from the albumen sac takes place 
gradually at first, then with increasing velocity Figures on the chemical 
■composition of this fluid at this period (Karon, 1928) show a maximum m total 
nitrogen at about this time. 

After the 15th day, a me in conductance occurs. This is coincident with the 
disappearance of this protein material Schenck (1932) has pointed out that 
these pro terns which appear m the ammotic fluid (and which can be shown 
to be identical in nature with those formerly present m the albumen sac) are 
completely ingested by the embryo, vanishing from the ammotic fluid by the 
18th or 19th day of incubation. Kamel’s data also show a decrease in total 
nitrogen during this period. 


smaiAKY 

1 The specific conductance of the allantoic and ammotic fluids of the 
developing chick has been determined over the period of incubation between 
the 7 th and 19 th days. 

2 Changes in this property have been related to changes m the chemical 
composition of these two fluids. 

3 These conductance values are of importance in that they show the rela 
tion between ionised and un ionized materials present m the two fluids. 
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decrease in conductance prior to the 9th day might be thought of as resulting 
from a decrease in the concentration of these readily lonizable substances 

From the 9th to the 13th days, the conductance of the allantoic fluid shows 
rather irregular fluctuations, tending to rise slightly There do not seem to be 
very significant changes here, although a shght increase m the relative ionic 
concentration is indicated However, from the work of many investigators— 
Fiske and Boyden (1926), Targonski (1927), Fndericia (1912), Needham 
(1926a, 1931), Tomita and Takahashi (1929), Kamei (1928), Yamada (1933), 
and Needham, Brachet, and Brown (1935)— it is known that the total con- 
tained nitrogen (presumably m the form of uric acid) is increasing throughout 
this period of development Since conductance values remain relatively 
stable, this must mean a corresponding mcrease m dissociable constituents 
That these dissociable constituents are not inorganic salts is perhaps indicated 
by the data of Kamei (1928) , however, his examination was not complete, and 
the results do not agree with those of Iseki (1930) on the chemical constituents 
at this stage Hence, too much weight cannot be placed on these findings 

Between the 13th and 16th days the conductance of the allantoic fluid is 
beginning to diminish somewhat During this time, the change-over from 
mesonephric to metanephnc excretion is occurring m the embryo, and the 
changes in conductance may be linked with this phenomenon Certainly the 
relative concentration of the non-dissociable unc acid is still increasing at this 
stage Furthermore, the absorption of water from the contents of the allantoic 
sac is now beginning, although it is not nearly as marked as m the last few 
days of incubation 

The final descent of the conductance curve at the end of the period of de- 
velopment mvestigated is doubtless explainable on the basis of water absorp- 
tion It is known that a marked decrease m the volume of the allantoic hquid 
occurs at this time, and with this absorption of water would go a decided in- 
crease m the relative concentrations of all solutes and substances suspended m 
the fluid itself Since uric acid and certain insoluble urates are still the chief 
constituents here, it is to be expected that the specific conductance of the fluid 
would show a pronounced decrease 

In the case of the ammotic fluid (Fig 3), the conductance values recorded 
over the first period of development studied are decidedly higher than those of 
the allantoic hquid during this same time This is to be expected from a con- 
sideration of investigations on the chemical constitution of this fluid Fiske 
and Boyden (1926), Targonski (1927), Kamei (1928), and others have definitely 
shown that the ammotic fluid contains decidedly less mtrogen than the allan- 
toic, which is, of course, receiving the end-products of the embryo’s mtrogen 
metabolism Kamei (1928) has also demonstrated a higher concentration of 
inorganic substances in this fluid That so httle change is evidenced up to the 
13th day of incubation indicates that a fairly constant relationship is being 
maintained between ionized and un-iomzed material The shght maximum 
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of these 1 age ' groups were tested. The index of functional normality described by 
Weaker was aga\n employed and Yig. 1 is the histogram obtained lor tho 



Flo. 2. pH of the allantoic fluid —measurement! upon individual chicles (approxl 
mate Incubation age indicated on top scale) 



Fig. 3 pH of the amnlotic fluid — measurements upon individual chicks (approxi 
mate incubation age Indicated on top scale) 

genes of embryos. As before, the median dass is that represented by embryos with 
index values of 333 to 335 with limits of functional normality from 315 to 353 
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The eggs used all came from the same flock of Barred Plymouth Rock hens 
Samples of the two fluids were taken as previously described (Walker (1943)), and 
these were stored in stoppered glass vials within the incubator (at 25°C ) for at least 



Fig 1 Histogram resulting from application of index to expenmental material 

TABLE I 


Average Measurements of All Embryos Used 


Age 

Crown ramp 
length 

Weight 

In W 

pH 

ALJF 

AMF 

days 

cm 

gm 




7 | 

2 6 

0 68 

1 63 

7 36 

7 15 

8 

2 95 

1 00 

0 00 

7 57 

7 28 

9 I 

3 3 | 

1 44 

0 36 

7 53 

7 11 

10 

3 6 

1 88 

0 62 

7 49 

6 90 

11 

4 2 

2 89 

1 06 

7 31 

6 83 

12 

4 7 

3 65 

1 29 

7 39 

6 65 

13 

5 25 

5 41 

1 69 

7 39 

6 58 

14 

5 9 

7 72 

2 04 

6 79 

6 54 

15 

6 7 

10 69 

2 37 

5 87 

6 40 

16 

7 1 

12 67 

2 54 

5 75 

6 92 

17 

7 4 

15 22 

2 72 

5 60 

7 12 

18 

7 85 

17 58 

2 86 

5 71 

7 48 

19 

1 8 4 

21 13 

3 05 

5 55 

7 87 


20 minutes before use As before, a great deal of variation was found in embryos of 
the same incubation age, and accordingly the material was classed primarily by wet 
weight Chicks of a certain weight class have been grouped together more or less 
arbitrarily, to approximate the familiar “days incubation ” Five individuals of each 










PATTL A. WALKER 


505 


of these “age * groups were tested. The index of functional normality described by 
Walker (1938) was again employed and Fig 1 is tie histogram obtained for this 



Fig, 2. pH of the allantoic fluid — measurements upon individual chicks (approxi 
mate incubation age indicated on top scale) 



LN. WOT 

Fig. 3 pH of the amnlotic fluid — measurements upon individual ducks (approxi 
mate incubation age indicated on top scale) 


senes of embryos. As before the median dasa Is that represented by cmbr} os with 
index values of 333 to 335 with limits of functional normality from 315 to 353 
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In Figs 2 and 3 will be found the results of the pH determinations on the 
individual chicks used m these experiments Average pH values for this series 
are shown m Table I and m Fig 4 In this last figure, the data of Aggazzotti 
(1913), of Buytendijk and Woerdeman (1927), and of Yamada (1933) have 
been included for purposes of comparison 



Fig 4 Average curves, hydrogen ion concentration of the allantoic and amruotic 
fluids — each point on the above curves represents the average values of both weight 
and pH of the five individuals of each "age” studied 

DISCUSSION , 

In the case of the allantoic fluid, we find the hydrogen ion concentration 
maintained at an approximately constant level during the first half of the 
period of development under investigation, with pH’s slightly on the alkaline 
side of neutrality (range 7 31 to 7 57) The hydrogen ion concentration of 
this fluid should in large measure be determined at these early stages by the 
character of the renal secretions which are being discharged into it In 
this connection, Needham (1925, 1926 a, 1926 ft) has shown that there is a 
succession of end-products of nitrogen metabolism in the chick first, ammonia 
is produced, rea ching a maximum concentration on the 4th day, secondly, urea, 
with a m aximum on about the 9th day, and finally, uric acid Needham 
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(1931 a) has shown that unc acid is first excreted in the form of soluble urates, 
•which on dissociation yield free banc ions, and these ions, together with the 
small amount of ammonia which is presumably still present and other un 
identified banc ions, evidently counterbalance the urea 1 to such an extent that 
an equilibrium is reached which is slightly on the basic side of neutrality 

Another factor which must receive consideration here is the probable pres- 
ence of carbon dioxide m this fluid (and m the ammotic fluid also) Unfor- 
tunately, the carbon dioxide content of these extra-embryonic fluids has not 
yet been determined, but in view of the respiratory function of the allantois, 
the allantoic liquid must contain a significant amount of this substance From 
the results of chemical analyses, it is impossible to estimate the buffering 
capacities of this fluid, although the possible existence of a phosphate system 
is indicated. However unless the buffering powers were rather high, carbon 
dioxide present in this fluid by diffusion from the allantoic blood vessels would 
exert a considerable effect upon its pH This effect is not seen during the 
early portion of the period under investigation even though Pott and Preyer 
(1882) have shown that the amount of carbon dioxide produced by the embryo 
increases markedly with development (approximately tenfold m the period 
between the 7th and 19th days) These early observations of Pott and Preyer 
have since received abundant confirmation, as for example in the work of 
Murray (1927) 

During the last wed. of incubation, the picture changes A definite shift to 
the add ode becomes evident with an abrupt fall in pH from 7.39 on the 13th 
day to 5 87 on the 15th day, this is followed by a more gradual decrease to 5J3 
on the 19th day This marked increase fn acidity foreshadows the conditions 
seen in adult avian urme (pH SjO, Takamatsu (1935)), and is presumably due 
to a combination of the following factors In the first place, since carbon 
dioxide production is continually increasing with development, there may be 
such an increase m the concentration of carbonic and present in the fluid that 
its buffering capacity is overbalanced Secondly, there occurs at this time a 
reduction in the basic constituents of the allantoic fluid because the excretory 
products are now being formed as free unc add rather than its salts Thirdly, 
as Fell and Robison (1934) have shown, calcification of avian cartilage and 
osteoid tissue begins at about the 15th day of incubation, a phenomenon which 
would result m a mobilization and withdrawal of calcium and phosphorus from 
other regions of the egg That this would affect the extra-embryonic fluids is 
dearly suggested by the analyses of Isela (1930) This loss of calcium and 
phosphorus from the allantoic fluid would doubtless greatly reduce its buffering 
powers 

Furthermore, according to Sula (1935), unc acid is less soluble In acid media 

1 Urea dissociates with the formation ol free b> drogen ions, according to Cmtol, 
Fourcade, and Sogneunn (1935) 
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than it is in alkaline, thus in the existence of this high concentration of hydrogen 
ions during the last few days of incubation, a mechanism is provided whereby 
this uric acid is left behind, encrusted on the remnants of the allantois, when 
the chick emerges from his shell 

In the case of the amniotic fluid, the average pH is slightly above neutrality, 
but slightly below that of the allantoic fluid, on the 7th day A maximum pH 
value is indicated on the 8th day, but this rise may not be significant Gen- 
erally speaking, durmg the period from the 7th to the 15th day of incubation, 
there occurs a gradual decrease in pH, by the 10th day, it has become shghtly 
acid in its reaction This change has probably been brought about by the 
increasing carbon dioxide production of the embryo with the attendant diffu- 
sion of this gas into the amniotic cavity, possibly this takes place by way of 
the allantoic circulation, but even more probably by direct diffusion from the 
embryo’s tissues into the envelopmg amniotic fluid If this is so, the buffering 
capacity of the amniotic liquid is less than that found m the case of the allantoic 

After the 15th day of incubation, the amniotic fluid becomes rapidly more 
alkaline, reaching a pH of 7 9 on the 19th day These high values are interest- 
ing in that the allantoic fluid exhibits a decidedly acid reaction at this time 
This demonstrates that the ammo-allantoic membrane cannot be permeable 
even to so small and readily diffusible an ion as hydrogen Unquestionably, 
therefore, carbon dioxide could not be reaching the amniotic cavity by diffusion 
from the allantois durmg this period 

This change in the hydrogen ion concentration may possibly be linked with 
the absorption of certain materials from the amniotic fluid by the embryo, 
which is known to occur durmg this time Protein materials from the albumen 
sac have been injected into this fluid (Hirota (1894)), only to disappear very 
shortly, according to the findings of Schenck (1932) This obviously results 
m a predominance of basic constituents, but again, the results of chemical 
analyses offer no satisfactory explanation as to their nature 

Comparisons between the specific conductance of these fluids (Walker (1943)) 
and their hydrogen ion concentration reveal certain interesting general rela- 
tionships In the case of the allantoic liquid, both specific conductance and 
pH are decreasing durmg the last few days of the period investigated This 
decrease in the ionic strength of this fluid apparently does not involve a decrease 
m the number of hydrogen ions present in solution The same correlation 
may be observed m the minima occurring for both properties on the 15th day 
in the case of the amniotic fluid The high pH values for this latter fluid 
occurring on the 19th day correspond to fairly high conductance values, but the 
highest conductance values occur durmg a period m which pH is quite close 
to neutrality 

The investigation of changes in the pH of these two fluids has been studied 
previously by other workers The present study, made with more advanced 
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technique, should be compared critically with these earlier results InFig 4, 
certain of these data have been plotted together with the results o! the present 
senes of experiments. 

Of these earlier data, the two most important sets are those of Aggaxzotti 
(1913) and of Yamada* (1933) The former has for a long time been credited 
with reliability, as for example by Needham (1931 b) The data of Buytendijk 
and Woerdeman (1927) are incomplete, and as seen in Fig 4 run slightly higher 
than, but dose to, those of Yamada and the present data. Gueylard and 
Fortier (1925), although credited by Needham (19316)* with observations on 
the allantoic fluid, actually measured the pH of various mixtures of both 
ammotic and allantoic fluids, their results have little bearing on the present 
situation. Abe’s observation (1927) that the pH of the ammotic fluid is con 
stant at 7 1 throughout the course of incubation indicates the use of an inade- 
quate method of measurement The values obtained by Rubinstein (1932) 
for the ammotic fluid show too great a variation to be reliable 

One of the most striking features of the present data, however, is the con- 
firmation afforded Yamada s results The curve for the allantoic fluid is prac 
ticaliy identical with that given by the Japanese worker, the fluctuations which 
do appear being of a very minor nature. As for the ammotic fluid, although 
the data are slightly higher than those obtained by Yamada, the agreement is 
nevertheless quite good. His determinations were earned only as far as the 
17th day, but the upward trend shown by the present data is certainly indi 
cated 

In contrast to these two acts of data stand the results ob tamed by Aggaxzotti, 
who claims to have found the existence of extremely acid conditions within the 
ammotic fluid during the latter portion of the incubation period. pH values 
as low as 4 7 are reported on the 18th to 19th days In fact, Aggazxotti’s 
results are consistently lower than the present data and those of Yamada over 
practically the entire range of development. Aggaxzotti does not give details 
of his method of pH determinations but merely states that the values were 
determined electrometncally The fact that he confirmed hts electrometric 
pH determinations by means of determinations of the titrable acidity gives 
more weight to his figures and therefore only accentuates this discrepancy 

However, although his physical measurements seem to have been earned 
out with reasonable exactitude there is reason to question his methods of ob- 
taining samples of the fluids. For example, in connection with the allantoic 
fluid, he states that by the 8th or 9th day, he was no longer able to obtain pure 
samples of this fluid because of contamination by yolk. No such difficulties 
were encountered in the course of the present Investigations, nor have they 
been reported by others who have worked with this material. Moreover, in 

5 Needham, J Chemical embryology London, Cambridge University PrtsyJ931 6^ 
857 
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than it is in alkaline, thus in the existence of this high con' 
ions during the last few days of incubation, a mechanisi 
this uric acid is left behind, encrusted on the remnants 
the chick emerges from his shell 
In the case of the amniotic fluid, the average pH is si 
but slightly below that of the allantoic fluid, on the 7tl 
value is indicated on the 8th day, but this rise may r 
erally speaking, during the period from the 7th to the 
there occurs a gradual decrease m pH, by the 10th dr 
acid in its reaction This change has probably bee 
increasing carbon dioxide production of the embryo 
sion of this gas into the amniotic cavity, possibly t 
the allantoic circulation, but even more probably fr 1 
embryo’s tissues into the enveloping amniotic fluid 
capacity of the amniotic liquid is less than that f ounc 
After the 15th day of incubation, the amniotic 1 
alkaline, reaching a pH of 7 9 on the 19th day Th 
mg m that the allantoic fluid exhibits a decided!) 

This demonstrates that the ammo-allantoic mem 
even to so small and readily diffusible an ion as ) 
therefore, carbon dioxide could not be reaching the 
from the allantois during this period 
This change m the hydrogen ion concentration 
the absorption of certain materials from the ai 
which is known to occur during this tune Prote 
sac have been injected into this fluid (Hirota 0 
shortly, according to the findings of Schenck ( 
in a predominance of basic constituents, but 
analyses offer no satisfactory explanation as to 
Comparisons between the specific conductanc 
and their hydrogen ion concentration reveal 
tionships In the case of the allantoic liquid 
pH are decreasing during the last few days c 
decrease m the ionic strength of this fluid apps 
in the number of hydrogen ions present in 
may be observed m the minima occurring fc 
m the case of the amniotic fluid The hi 
occurring on the 19th day correspond to fair 
highest conductance values occur during r 
to neutrality 

The investigation of changes in the pH 
previously by other workers The prese , 
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2 Changes m this property have been related to changes m the chemical 
composition of these two fluids. 

3 The results of this investigation have been compared with those obtained 
by other workers. Excellent confirmation has been afforded the work of 
Yamadn, whereas the work of Aggazzotti, which has long been accepted, is 
shown to be in error 
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connection with the amniotic liquid, he describes it as quite clear and colorless, 
a description which does not agree with that of Yamada nor with observations 
made in the course of the present investigation Yamada describes the 
amniotic fluid of 12 day embryos as slightly turbid, and at the end of the 2nd 
week of incubation it becomes, in addition, pale yellow in color He further 
notes that it becomes very viscous at about this time His observations have 
been afforded complete confirmation throughout the present investigation 
Aggazzotti, strangely enough, fails to note any of these changes in the ap- 
pearance of this fluid, a fact which would seem to indicate that he was not 
dealing with samples of the amniotic fluid at all 

As the result of what is apparently a priori reasoning, Aggazzotti claimed 
that the embryonic urine was acid m reaction Smce his data show that the 
allantoic fluid is alkaline in all stages studied and that the amniotic first be- 
comes acid on the 11th day, he has drawn the following conclusions (1) the 
mesonephros is not functional, and (2) the metanephnc secretions are de- 
posited m the amnion Fiske and Boyden (1926), however, have pomted out 
that it is impossible to predict, a priori, what the reaction of the embryonic 
excreta would be 

Aggazzotti then proceeded to attempt to explam how this embryonic unne 
could become deposited m the amniotic cavity Contrary to the earlier work 
of Gasser (1880) on the development of the cloacal opening, he holds that, from 
about the 11th day on, the urinary secretions of the embryo pass out through 
some “physiological connection” between the cloaca and the amniotic cavity 
at the region of the Bursa of Fabncius According to Lillie (1930),* this is 
without morphological basis The experiments of Hanan (1925), (1927) on 
the excretion of trypan blue by the mesonephros of the developing chick show 
that physiological evidence is likewise lacking Thirdly, chemical analyses 
of the amniotic fluid fail to reveal any appreciable amounts of uric acid at any 
time during incubation 

In view of these criticisms of Aggazzotti’s interpretations, and the possibility 
that he was not dealing with pure samples of amniotic fluid, and m view of the 
excellent agreement between the present data and those of Yamada in spite 
of differences m technique employed, the latter sets of values should be consid- 
ered as representing the hydrogen ion concentration of these extra-embryonic 
fluids, and the data of Aggazzotti should be discarded 

SUMMARY 

1 The hydrogen ion concentration of the allantoic and amniotic fluids of 
the developing chick has been determined over the period of incubation 
between the 7th and 19th days using the glass electrode technique 

3 Lillie, F R , The development of the chick, New York, Henry Holt, 2nd edition, 
revised, 1930, pp 314.#' 
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2. Changes in this property have been related to changes m the chemical 
composition of these two fluids 

3 The results of this investigation have been compared with those ob tamed 
by other workers Excellent confirmation has been afforded the work of 
Yamada, whereas the work of Aggaxrotti, which has long been accepted, is 
shown to be in error 
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Investigation of the effect of denaturation on certain chemical, physico- 
chemical, and biological properties of proteins has proved a valuable approach 
In the study of protein structure Further advances have been made by a 
study of the reversal of the process of denaturation and by comparative meas- 
urements of the properties of a protein m the native and regenerated 1 states. 
Recently, evidence has been given to show that the denaturation of horse serum 
albumin (2) and of pseudoglobulm (3) by urea and guanidine hydrochloride arc 
essentially irreversible processes (4-6) although the regenerated proteins simu 
late certain characteristic properties of the native materials from -which they 
were derived. 

Investigation of the immunological properties of native and regenerated 
horse serum albumin (7, 8) led to the discovery that the two proteins were 
immunologically equivalent, but that the regenerated albumin exhibited a 
greatly reduced antigenic activity Since, however, regeneration did not 
produce any significant permanent changes in size, shape, or electrochemical 
properties of the protein molecules, which would profoundly affect their osmotic 
activity, it was felt that the regeneration process presented a feasible approach 
to the problem of minimising undesirable reactions commonly occurring when 
foreign proteins are administered parenteraUy for therapeutic purposes. 

The studies on the regeneration of horse serum albumin have now been ex 
tended to bovine albumin Greater availability and the naturally milder 
antigenicity induced the selection of this protein which has already been 
suggested by some as a source of plasma substitutes,* 

The present paper describes the preparation and physicochemical proper 

* This work was carried out with the aid of grants from The Rockefeller Founda 
tion, the Lederie Laboratories Inc. and the Duke University Research CounriL 

\ A preliminary report of this Investigation has already been published (1) 

1 “Regeneration” of a protein refers to the reversal of the process applied for 
denaturation and isolation of that fraction most closely resembling the native protein 
m chemical and physicochemical properties. 

1 The literature on this subject has been amply reviewed by Henry (9) Cohn dot, 
(10) and Janeway (11) 
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ammonium sulfate, adjusted to pH 6 4, was added, drOjrwisc, until a final concen 
tration of 2 1 tt was reached The precipitate was allowed to settle over a penod of 
36 hours at 4° C. The supernatant fluid was siphoned off and both supernatant and 
residue filtered on a Buchner funnel Under these conditions, a readily filtmble 
granular precipitate is obtained 

The combined filtrate and supernatant solution were adjusted to the isoelectric 
point of serum albumin, (pH 4 7) and the solution (now about 7 liters In volume) 
was slowly brought to a final concentration of 2 6 w at room temperature, 1 by drop- 
wise addition of 4 M ammonium sulfate under continuous stimng After the pre- 
cipitate had settled overnight the supernatant liquor was siphoned off and the 
granular precipitate In the residue filtered on a Buchner funnel an average yield of 
about 95 gm. of mcast albumin filter cake was obtained per liter of serum. The 
supernatant solution gave a slight test for protein 

Albumin precipitates obtained in this manner from various batches of beef serum 
were combined, dissolved in a minimum quantity of distilled water, and dialyzed 
in the cold against running tap water and distilled water until free of ammonia. The 
suspension was next adjusted to pH 5 0, and, after standing overnight m the ice box, 
the precipitated euglobuhna were centrifuged off the dear supernatant being set 
aside for repreapitation of the albumm The yield was about 18 gm. of protein 
per liter of serum. 

Repreapitation was earned out at room temperature. The solution was adjusted 
to pH 4.7, and the salt concentration raised to 2.4 U, with respect to ammonium sul 
fate by a combination of gradual addition of solid salt and of a 4 M solution of am 
momum sulfate. A bulky precipitate was collected the supernatant solution, 
containing only small amounts of protein was discarded After washing the pro- 
dpitate on the Buchner funnel with a solution of 2 4 u ammonium sulfate, it was 
dissolved in a m^mara quantity of water and dialyzed as before. A alight amount 
of globulin was removed by isoelectnc precipitation at pH 5 0 The clarified albumin 
solution was preserved in the frozen state Yield 12 gm. protein per liter of serum. 

The product from the second precipitation was essentially homogeneous in electro- 
phoresis and m diffusion containing only approximately 4 per cent total globulins 
as revealed by analysis of the electrophoretic patterns (cf Table III) The small 
decrease m the relative amount of globulin impurities obtained upon the second 
precipitation did not warrant further purification in view of practical considerations 
already stated 

Several attempts at crystallization of the amorphous albumin preparation were 
undertaken, involving variations of pH temperature, and salt concentration. In 
all raw non-crystalline granular precipitates were obtained, although in some 
instances intense schlieren effects indicative of incipient crystal formation, were 
observed after prolonged stirring 

The above procedure for the preparation of bovine albumm was adopted after 
some experimentation In early work an Initial step involving alcohol precipitation 
fn the cold (16) by the rotating membrane method (17) vras included These batches 

* O ccasionall y, it was found profitable to raise the salt concentration to 2 8 m. 
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ties of native and regenerated whole albumin whereas the immun ological 
properties of these protems will be the subject of a subsequent publication (12) 

EXPERIMENTAL 

I Methods of Preparation 

N alive Whole Bovine Albumin — In the preparation of whole bovine albumin 
existing methods of salt fractionation were modified to give a procedure adapt- 
able to rapid large scale isolation of reasonably pure products Previous work 
(13, 14) had already indicated that simple salt precipitation was an insufficient 
means for the preparation of electrophoretically homogeneous bovine albumin 3 
Rather than devise elaborate methods for further purification, it was proposed 
to rely for the elimination of globulin impurities on their relatively greater 
susceptibility to irreversible denaturation by urea or guanidine hydrochloride, 
since it bad already been demonstrated that up to 85 per cent of serum globu- 
lins will precipitate upon regeneration (3), as compared with only 15 per cent 
for serum albumin (2) 

Essentially homogeneous albumin preparations were obtained by low 
temperature precipitation of globulins with ammonium sulfate (2 1 m) at pH 
6 4, followed by room temperature precipitation of the albumin at the pH of 
its isoelectric point (pH 4 7), at 2 6 u ammonium sulfate (13) Euglobulin 
impurities were removed by isoelectric precipitation from salt-free albumin 
solutions at pH 5 0 Two precipitations of albumin were found sufficient to 
yield a satisfactory product 

In this method, advantage is taken of the difference in the respective tem- 
perature coefficients of solubility of the bovine serum proteins It was found 
that bovine albumin, like horse, but unlike human albumin (15), has a negative 
temperature coefficient of solubility, whereas the solubility of the horse and 
bovine globulins seems to be governed by a positive temperature coefficient 
The sharpness of separation of the serum protems is thus materially aided by 
precipitation of the globulins in the cold 

The preparation was followed throughout by identification of the products 
by their electrophoretic mobility 

5 liters of beef serum, 4 clarified by passing through a Chardm filter, No 5254, 
were adjusted to pH 6 4 with 2 N acetic acid Slow precipitation was effected m a 
4° C bath, under mechanical stirring, by intermittent addition of sufficient solid 
ammonium sulfate to give a final concentration of about 1m A solution of 4 M 

3 Although the crystallization of highly purified preparations of bovine albumin 
has been reported (10), details of the procedure remain unpublished 

4 We are indebted to Drs W G Malcolm and B M Lyon of the Lederle Labora- 
tories, Inc , for a generous supply of beef serum 
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sulfate, adjusted to pH 6 4, was added, dropwise, until a final ccncen 
36 j™~ " Tit precipitate was allowed to settle over a period of 

^** n ’ at 4 C. The supernatant fluid was siphoned off and both supernatant and 
filtered on a Buchner funnel Under these conditions, a readily filtrable 
Pmapitate is obtained. 

combined filtrate and supernatant solution were adjusted to the isoelectric 
P^at of serum albumin, (pH 4 7), and the solution (now about 7 htera In volume) 
teas slowly brought to a final concentration of 2 6 u at room temperature, 1 by drop- 
' tw addition of 4 it ammonium sulfate under continuous stimng After the pre- 
°I*Utc had settled overnight, the supernatant liquor was siphoned off and the 
panulir precipitate in the residue filtered on a Buchner funnel an average yield of 
•boot 95 gm. of moist albumin filter cate was obtained per liter of serum. The 
a^P^oatant solution gave a slight test for proton 
"“main precipitates obtained in this manner from various batches of beef scrum, 
arm combined, dissoh ed m a minimum quantity of distilled water, and dialysed 
m “o «id against running tap water end distilled water until free of ammonia. The 
”“P Q ' n <® was next adjusted to pH 57) and, after standing overnight in the Ice bent, 
™ Precipitated euglobuhns were centrifuged off, the dear supernatant being set 
“"k for repreapitation of the albumin. The yield was about 18 gm. of proton 
P« hter of serum 

•frpredpitatron was earned out at room temperature. The solution was adjusted 
to pH 4.7, wad tfcj. ^ ccnjontnmon nosed to 2.4 u, with respect to ammonium sui 
fatc by a combination of graduil addition of solid salt and of a 4 u solution of am 
“orottm sulfate. A buftv precipitate was collected the supernatant solution, 
“arfairung only small amounts of protein was discarded. After washing the pro- 
state on the Budrner funnel with a solution of 2 4 u ammonium sulfate, It was 
Solved in a minimum quantity of water and ditlyeed as before A slight amount 

globulin was removed bvisoclectncpredpitabon at pH 5 0 The danfied albumin 

ohrtion waa preserved In the froten state Yield 12 gm. protein per liter of scrum 
Tbe product from the second precipitation was essentially homogeneous in clectro- 
'horesis and m diffusion, containing only approximately 4 per cent total globulins 
« rescaled by analysis of the electrophoretic patterns (cf Table III) The small 
«ma« In the relative amount of globulin impurities obtained upon the second 
rwapitation did not warrant farther purification, m view of practical considerations 
Iready stated 

Several attempts at crystalhration of the amorphous albumin preparation were 
ndertaheo involving vanaboos of pH, temperature and salt concentration. In 
1 cases non -crystalline granular precipitates were obtained although m some 
Stances intense schli eren effects, indicative of incipient crystal formation, were 
wen ed after prolonged stirring. 

The above procedure for the preparation of bovine albumin was adopted after 
me experimentation In early work an initial step involving alcohol precipitation 
the cold (16) by the rotating membrane method (17) waa Included These batchea 

* Occaaionally, it waa found profitable tn raise the salt concentration to 2 8 it. 
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were pooled with others that had undergone initial salt precipitation, and the whole 
material purified by the method described above The electrophoretic patterns 
were supenmposable with those of lots prepared m later work The purified product 
obtained on pooling was used m most of the experiments reported m this paper 

Regenerated Whole Bovine Albumin — Regenerated bovine albumin was 
prepared by the procedure already described for horse serum albumin (2) 
Bovine albumin dissolved in an 8 ai solution of urea or guanidine hydrochloride 
was allowed to stand at room temperature for 24 hours and then dialyzed in the 
cold agamst running tap water and distilled water, until freed of the denaturing 
agent The solution was then adjusted to pH 5 25 (with 2 n acetic acid), sub- 
sequent exposure for 30 minutes to a temperature of 41° C in a water bath 
resulted in the precipitation of an insoluble fraction The precipitate was 
centrifuged off, and the supernatant solution of regenerated protem was made 

I 10,000 with merthiolate and stored in the cold m a toluene atmosphere In 
order to simplify the preparation, reprecipitation of the regenerated albumin 
was omitted 

Urea (Merck) and guanidine hydrochloride (Eastman) used in this investigation, 
were purified products recrystallized by methods already described (2) Concen- 
trated aqueous solutions had a pH of 6 8 to 7 0 

II Chemical and Physical Properties of Native and Regenerated Bovine Albumin 

1 Nitrogen and Carbohydrate Content 

Dry weight of the protem was determined by diymg at 110° C for 24 hours, and 
ash content by ashing in a muffle furnace Nitrogen analyses were made by the 
semi-micro-Kjeldahl method The results of triplicate determinations were m 
good agreement 

On a dry weight basis, the ash content of native bovme albumin, prepared 
as above, was 0 2 per cent and the nitrogen content 15 2 per cent 

Carbohydrate determinations were made m triplicate by the oranol method of 
Sorensen and Haugaard (18), with blank correction for the color developed by sulfunc 
acid and protem Readings were made on an Evelyn photoelectnc colorimeter (filters 
520 and 540), with reference to an equal mixture of dextrose and mannose (0 1 mg 
sugar per cc ) as a standard 

The carbohydrate contents of native, guanidine hydrochloride-regenerated, 
and urea-regenerated bovme albumin were 0 38, 0 39, and 0 44 per cent respec- 
tively The results of these analyses indicate that no carbohydrate is split off 
upon denatu ration and regeneration, a finding m agreement with Neuberger’s 
observation (19) of an unchanged carbohydrate content of egg albumin after 
denaturation by acid or heat 
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2 Molecular TFng/rf and Shape 
Mtlhods 

Vxscosxly — Measurements -were earned out it 25* ± 001° C ■with the modified 
Ostwald viscometers described previously (20) 

Dtjfuncm — Measurements were performed with the refnctometric scale method 



Fig 1 Relative viscosities of bovine serum albumin plotted against the protein 
concentration In weight per cent. In order of decreasing slopes the curves refer to 
respectively denatured serum albumin in 7 42 n guanidine hydrochloride (O), in 
3 96 h guanidine hydrochloride (O) and in 8 u urea (□) The curve of the least 
slope refers to native bovine albumin (A), the same protein regenerated from 8 u 
urea (O), and regenerated from 8 u guanidine hydrochloride (O) 

at 25° ± 0 003* C. and were evaluated by methods described m previous publications 
from this laboratory (21) 

Sedimenlaiton Velocity — Samples ol whole bovine albumin of albumin regenerated 
from 8 u urea, and from 8 u guanidine hydrochloride, were sent to Dr Max A Haulier 
of The Rockefeller Institute for Medical Research, Princeton , Is ew Jersey , who \ cry 
generously performed sedimentation velocity measurements with the technique 
commonly employed in that laboratory The analyses were made In an 0.023 u 
acetate buffer of pH 5.0 containing 02 u haQ in proton concentrations of 1 0 
and 0.5 per cent, respectively The same buffer was employed for diffusion andU 
viscosity measurements on these materials ^ ^ 
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when measurements were made in early stages of the diffusion process bat la good 
agreement once diffusion had progressed. The origin of this discrepancy was at 
tributed to optical difficulties inherent m the measurement of steep refractive index 
gradients by the schlieren method a condition leading to errors in evaluating the 
height of the maxim um ordinate and to poor fusing of the experimental curve with 
the baseline. The latter effect results in a gross error In the calculation of the second 
moment in the standard deviation method. Calculation by the maximum height 
or maxim um height-area methods likewise induces a magnification of experimental 
errors since these methods also involve the squaring of certain terms. 

As a result, measurements were considered reliable only when made after the 
initial steep gradient had become sufficiently diffuse Accordingly, quantities en 
closed in parentheses in Table I were disregarded in the calculation of average values. 

Recourse was also had to a method of calculation which avoids squaring of any 
term, yet considers the inflection point as well as the maximum ordinate and the 
area. Lamm (23) has given the derivation of equation 1 used for this calculation 


D 


ApF 

VFt Sml 


(I) 


In equation 1 A is the area under the curve as determined by graphical Integra 
tion /i half the distance between the inflection points, H* the maximum ordinate 
and F a correction factor for photographic magnification and the optical distances 
between camera, cell and scale 

In calculation of the average diffusion constant a correction for the viscosity of 
the solvent was applied according to equation 2 

& - Vn/m (2) 

m which D is the average of the measured diffusion constants, tj/ij d the measured 
relative viscosity of the solvent, and ZP the corrected diffusion constant However, 
previous experience (2) had already mode suspect the strict validity of this equation 
in solutions of high viscosit> Accordingly in the calculation of the molecular 
weight of denatured bovine albumin in 8 m urea an empirical correction was also 
applied, iy being multiplied by the factor 1 1 

Moiecuiar Kinetic Constants —Apparent molecular shapes neglecting h> dra 
tion, (6/o), of the native, denatured, and regenerated bovine albumin were 
calculated from the limiting slopes of the viscosity curves by graphical solution 
of the Simha equation (24) (Table II) Dissymmetry constant* were 

evaluated from viscosity measurements. Molecular weights were calculated 
from viscosity and diffusion data (if*), and from diffusion and sedimentation 
data, (if ) Values for the molecular shape assuming 33 per cent hydration 
(b/o)* are also listed in Table IL 

3 Electrophoretic Properties 
Method 

The TiadiiB electrophoresis apparatus equipped with the Fhflpot-Svensson optical 
system as already described (4) was used for electrophoretic analysis of fractions 



51S 


NATIVE AND REGENERATED BOVINE ALBUMIN I 


RESULTS 

Viscosity — The denaturing action on bovine albumin of urea (8 11 ) and 
guanidine hydrochloride (7 42 m and 3 96 ir) were compared with one another 
in the presence of phosphate buffer, pH 7 0, containing 0 0204 jr Na 2 HPCh, 
0 0130 m NaHoPCh, and 0 1260 ii NaCl Practical diffi culties of weighing and 

TABLE I 


Diffusion Constants* of Native, Denatured, and Regenerated Bovine Serum Albumin% 


Time 

Di Di Dj D* 

Time 

Di Di Di D< 

Seconds 

io- J io-’ ur 7 lo-i 

Seconds 

10-1 10-7 10-7 10-7 

1 Native bovine serum albumin 

3 Bovine albumin regenerated from 

8 H urea 


6 95 (8 59) 7 45 7 43 

6 93 7 21 7 07 7 23 

7 26 6 84 7 00 7 37 

39,240 

79,860 

106,380 

6 47 (8 40) 7 16 7 03 
66 6 6 97 6 83 6 97 

6 67 6 78 6 81 6 97 

Average 

D' 

7 16 X 10“ 7 ± 0 21 

7 36 X 1 O' 7 

Average 

D' 

6 85 X 10~ 7 db 0 20 

7 04 X 10-i 

2 Bovine albumin denatured in 8 u urea 

4 Bovine albumin regenerated from 8 M 
guanidine hydrochloride 

83,280 

128,400 

166,440 

2 13 2 09 

2 24 2 20 

2 23 2 24 

39.600 
71,400 

93.600 

6 51 (7 53) 6 88 6 92 

6 31 6 69 6 40 6 56 

6 23 6 27 6 25 6 44 

Average 

D' 

2 19 X 10~ 7 ± 0 06 

3 S6 X 10~ 7 

Average 

D' 

6 50 X 10~ 7 ± 0 24 

6 68 X 10- 7 


* D denotes the diffusion constant m square centimeters per second, Di, Di, and Dj the 
diffusion constants calculated by the maximum height, standard deviation, and maximum 
height-area methods respectn ely, D« the diffusion constant calculated according to equation 
1, and D' the average diffusion constant corrected for the viscosity of the solvent with equa- 
tion 2 

$ Protein concentration of 0 7 per cent in all cases. 

transfer precluded comparison of viscosities at strictly equimolar concentrations 
of the denaturing agents 

The relative viscosities were determined in protein concentrations varying 
between 0 2 and 1 2 per cent and are plotted m Fig 1 against concentrations, 
expressed m weight per cent The limiting slopes of the curves were deter- 
mined from the intercept when r\ tp /c was plotted against c, where 7], p is the 
specific viscosity and c the concentration (22) 

Diffusion —The results of diffusion measurements are given in Table I 

In these experiments it was observed that the maximum height, standard deviation, 
and maximum height-area methods (21) gave results that were in poor agreement 
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Fig 2 Electrophoretic patterns of fractions of beef serum and of native and 
guanidine h>drochlonde regenerated albumin The left hand side of each picture 
represents the ascending boundan the nght hand side the descending boundary 
The sharp peaks near the center indicate the position of the starting boundaries. All 
runs mere made at 1° C pH 7 6 tonic strength 0 J in a sodium veronal sodium 
chionde buffer (a) Isoelectric euglobulin precipitate 180 minutes migration at 
5 70 volts per cm (b) repredpitated native bovine albumin 2-10 minutes migration 
at 5 48 volts per cm and (c) bov fnc albumin regenerated from 8 u guanidine hvdro- 
chlonde 246 minutes migration at 5 76 volts per cm In the order of decreasing 
mobility the peaks m (u) represent respectn civ albumin o -globulin and 0 globulin 

less than 10 per cent of the total protein (equivalent to less than 0 1 per cent 
protein concentration) According!} the results of such determinations have 
been enclosed b> parentheses in Table III 
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Calculations were made from the descending boundary 100 per cent refers 
to the total area under the curve exclusive of that of the e-boundary 

Representative electrophoretic diagrams of (a) the euglobuhn fractions 
obtained by isoelectric separation from the first albumin precipitate, (b) purified 
native, and (c) guanidine hydrochloride-regenerated bovine albumin are 
reproduced in Fig 2 

While the electrophoretic pattern reproduced in Fig 2 (a) reveals this iso- 
electric precipitate to consist largely of globulin, notably of the cr-component, 
it is surprising that as much as 25 per cent of this material is comprised of 
albumin which, by itself, is not susceptible to isoelectric precipitation 
Electrophoretic analysis of the purified albumin in the native and regen- 
erated state indicated the presence of less than 5 to 10 per cent globulin im- 
purities With the materials regenerated by urea or guanidine hydrochloride, 
respectively, the globulins constituted about 4 per cent or less These figures 
compare favorably u ith those of Taylor and Keys (14) who report the presence 
of 5 to 7 per cent of a slow moving component, presumably globulin, m prep- 
arations of native bovine albumin obtained by either ammonium sulfate or 
methanol precipitation 

Electrophoretic mobilities were used also to characterize native and re- 
generated bovine albumin All measurements were made under similar condi- 
tions at pH 7 6, ionic strength = 01 m the sodium veronal-sodium chloride 
buffer already described The mobilities given in Table IV are those calculated 
from the patterns of the descending boundary 

No significant differences in mobility were observed between solutions of the 
first and second precipitate of a given preparation of bovine albumin or between 
various lots of purified native albumin Crystalline carbohydrate-free bovine 
albumm (obtained through the courtesy of the Department of Physical 
Chemistry, Harvard Medical School) was homogeneous at this pH and was 
characterized by essentially the same mobility as our preparations 7 For the 
sake of brevity this preparation will hereafter be referred to as “crystalbumm” 
to distinguish it from our preparations of “whole albumm ” 

In agreement with results reported for crystalline carbohydrate-containing 
horse albumin (5), bovine albumm regenerated from 8 m urea demonstrates 
a slightly greater mobility at this pH However, under similar conditions 
albumin regenerated from 8 M guanidine hydrochloride is characterized by the 
same mobility as that of the native protein, a result confirmed by duplicated 
experiments Similar data for horse serum albumin regenerated from guani- 
dine hydrochloride are unavailable 

In summary, electrophoretic analysis indicates that native bovine albumin, 
and the same protein regenerated from 8 M urea or 8 m guanidine hydrochloride 

7 Carbohydrate analyses of crystalbumm u ere made in this laboratory by the 
method already described (18) 
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art esse ntmHy identical in homogeneity and similar m mobility, with the 
exception of a slight increase m mobility observed for albumin regenerated 
from B m urea solutions. 


TABLE IV 

£ IcctTofkortlic MthUiUa* of Nettie Rstentmltd B print Albumin cl 7.6 in NaV NcCJ 

Buffer »f OJ Itnic Strenftk$ 


rrtjmntka 

Mobility 

Fanvis 

BS II-VI, SA, 

BS II-VI, SA, 

bs vn-vm, SA, 

1 

bs vn-vm sa, 

BS IX, SA, 

BS IX, SA^u 

pm * m.~i y*in X rt~* . 

-6 29 

-6 22 

i 

—6 35 

-6 39 

— 6 28 j 

-6 38 

First albumin precipitate of pooled 
•eraH-VL 

Second albmnfn predpjtate of 
above. 

First albumin precipitate of pooled 
aeraVn-Vnr 

Second albumin precipitate of 
above. 

Second albumin precipitate of 
serum IX 

Precipitate of supernatant of above. 

Mean mobility of whole native 
bovine albumin 

-6 52 ± 0 07 


Czystalbtinrfn 

-6 42 

Homogeneous 

BS II-VI SA, regenerated from j 
8 u guanidine hydrochloride. 

-6 29 
-6 30 

Duplicate measurements 

BS H-VI, SA, regenerated from 

8 u urea 

-6 55 


* Calculated from patterns of the descending boundary 

J Buffer composition as given in the test. 


4 Eiaymalu Hydrolysis ej Native and Regenerated Bcrnne Albumin 
The rates of tryptic hydrolysis of whole native and regenerated bovine al 
bumin were investigated in an attempt to detect differences in internal structure 
occurring upon denaturatlon and reseneration. A similar investigation of 
crystalline horse albumin has already been described (6) 

Method 

The conditions of these experiments and the methods involved were ident.al 
wuh those previous!! described (6) the only deviation being that in this study double 
quantities were used throughout in coder to increase sensitivity Panratin ^ 
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X (Merck) was used as the source of tryptic activity Solutions of substrate (100 
mg ) and enzyme (80 mg ) dissolved in a 0 05 m phosphate buffer of pH 7 8 were in- 
cubated at 37° C The progress of hydrolysis was measured by formol titrations of 
aliquots of the solution of enzyme and substrate 



Fig 3 Tryptic hydrolysis of native and regenerated bovine serum albumin The 
lower curve (O) refers to whole native carbohydrate-contammg albumin, the upper 
curve (•) to the same protein regenerated from 8 ar guanidine hydrochloride, and 
the broken curve ( □) to native, crystalline, carbohydrate-free albumin In all cases, 
100 rag of protein were subjected to hydrolysis by 80 mg of pancreatm X. 

RESULTS 

The res ults of duplicate determinations are given in Fig 3, in which the 
amount of 10 -2 N NaOH required for the formol titration of 10 mg of substrate 
is plotted against the time of proteolysis 
As may be seen from Fig 3, the rate of hydrolysis of the regenerated protein 
exceeded that of native albumin The magnitude of the difference m the 
proteolytic rates of native and regenerated protein, as well as the extent of 
hydrolysis in each instance, is comparable to that observed for native and 
urea-regenerated horse serum albumin (6) By analogy, it may be inferred 
that the increased susceptibility of regenerated bovine albumin is an indication 
that this protein is actually in a denatured state 
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The initial rate of hydrolyars of native bovine crystalbumm (Fig 3) is inter- 
mediate between that of whole native albumin and of whole albumin regen 
era ted from 8 M guanidine hydrochloride. However, at all times the pro- 
teolytic rate of native crystalbumm is greater than that of native whole albumin 
and soon approaches that of whole albumin regenerated from 8 u guanidine 
hydrochloride.* 

5 Distribution between Regenerated and Irreversibly Denatured Bovine AVnmifl 
Method 

The distribution between regenerated and irreversibly denatured protein 
was studied as a function of the concentration of urea and guanidine hydro- 
chloride for both whole bovine albumin and crystalbumm, 

2 per cent solutions of the protein were allowed to stand at room temperature for 
about 24 hours in a given concentration of the denaturing agent. They were then 
dialyzed m the cold until free of urea or guanidine bydrochlonde, dialysis often 
resulting in the precipitation of irreversibly denatured protein on the walls of the 
container The soluble regenerated albumin was separated from the insoluble irre- 
versibly denatured protein bj the method of beating at 41° C. at pH 5.25 for 3d 
minutes, followed by centrifugation and washing of the precipitate (2) 

Separation of irreversibly denatured and regenerated protein may also be effected 
by fractional precipitation with salt Experiments previously reported for horse 
serum albumin (2) demonstrated both methods to yield the same quantitative dis- 
tribution In view of the rather wide limits of salt concentrations within which whole 
bovine albumin is precipitated l ram solution the heating method was chosen lor 
this Investigation. 

Nitrogen analyses of aliquots of the supernatant solation were made in duplicate 
by the semi-micro-Kjeldahl method, precipitates were analyzed similarly 

RESULTS 

In Fig. 4, the per cent of irreversibly denatured protein is plotted as a func- 
tion of the concentration of the denaturing agent It may be observed that 
for whole nThnmin a recovery of 95 per cent of the original protein os regenerated 
albumin is obtained, independent of the concentration of guanidine hydro- 
chloride above 4 it The corresponding experiment involving whole albumin 
in urea was not undertaken because of the gratifying yield found for guanidine 
hydrochloride, and since previous experience with horse albumin had Indicated 

•The corresponding experiment involving the tryptic digestion of regenerated 
bovine aystalbumln has been performed, giving the result that the rate at hydrolysa 
of native crystalbumm constant^ was less than that of the same protein regenerated 
from 8 u guanidine hydrdchloride. These experiments are subject to publication at 
a later date. — 
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tie quantitath e distribution to approach the same level m higher concentra- 
tions of urea or guanidine hydrochloride (2) 

'With ciystalbumin, a considerably higher yield of irreversibly denatured 
protein was observed than for the whole bovine albumin The relation be- 
tween concentration of urea, or guanidine hydrochloride, and per cent of 



MOLAR CONCENTRATION OF UREA OR GUANIDINE HCL 


Fig 4 The fraction of total bovine serum albumin irreversibly denatured after 
dialysis, plotted against the molanty of urea or guanidine hydrochloride at which 
denaturation occurred 

irreverslblv denatured material is in qualitative accord with that obtained with 
crvstalline horse serum albumin. 


DI5CC7SSIOX 

Modification of existing methods of salt fractionation has enabled the prep- 
aration of beef serum albumin which after reprecipitation, is about 95 per cent 
homogeneous electrophoretically, it appears homogeneous when studied by 
sed mentation and diffusion methods. The protein represents whole albumin, 
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and, in analogy with horse sernm albumin (25, 26), probably contains com 
ponents of varying carbohydrate content This is also borne out by the fact 
that crystalline, carbohydrate-free bovine albumin has already been isolated 
(10) 

In the method of preparation, advantage has been taken of the observation 
that bovine albumin, as well as horse albumin (27), exhibits a negative tempera- 
ture coefficient of solubility* in concentrated ammonium sulfate solutions 
With either protein this property may readily be demonstrated by observation 
of the precipitate arising when a cold solution of the protein, already brought 
to the point of incipient turbidity with ammonium sulfate, is slowly allowed 
to attain room temperature.* In this respect, horse and beef alb umin appear 
to differ from human albumin, for which Kendall (15) reports a positive 
temperature coefficient of solubility under similar conditions. 

The molecular kinetic constants of native whole bovine albumin, os deter 
mined by diffusion, sedimentation, and viscosity measurements, are similar to 
those found for horse serum albumin (2, 10) The molecular shape properties 
correspond to those of a prolate ellipsoid of revolution. The molecular weight, 
when calculated from diffusion and viscosity data, is 65 000 =fc 6,000, and 
61,000 T: 6,000 when calculated from diffusion and sedimentation data. In 
both instances a value of 0 75 has been assumed for the partial specific volume 

The electrophoretic mobility of this protein at pH 7 6 is dose to that of a 
mixture of fractions A and B of horse serum albumin, when measured under 
similar conditions (5) 

X) maturation ol bovine albumin by urea and guanidine hydrochloride 
follows the same pattern already described for horse albumin. The extent of 
denatumtion was evaluated by a study of the distribution between irreversibly 
denatured, and regenerated components, and by measurements of the increase 
of the specific viscosities of the protein solutions. Both criteria indicated a 
greater denaturing power of guanidine hydrochloride as compared with equi 
molar concentrations of urea. 

While gross changes in molecular shape, concurrent with denatu ration, are 
apparent, evaluation of molecular wetgfds m the presence of high concentrations 
of the denaturing agents is attended with some difficulty As already noted, 
limitations in the diffusion method led to the introduction of empirical correc- 
tion terms. While the calculated molecular weight of whole bovine albumin 
in 8 M urea solutions is considerably higher than that of the native protein, 

* With hone serum albumin, the formation and growth of crystals may actually 
be seen through the microscope by placing a drop of the cold solution on the slide. 
Cryt taffiaa tioa starts instantaneously and is complete after about 5 mlnutea. Crys- 
tals formed by exposing the cold solution to room temperature redinolve when 
the suspension ts duffed to 4° C. This reversible process ol 
solution may be repeated several times. 
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examination of the diffusion curves by the method of successive analysis failed 
to indicate significant deviations from homogeneity, thereby excluding aggrega- 
tion as a factor m raising the apparent molecular weight of the denatured 
protem A similar situation has been experienced with horse serum albumin 
(2) although osmotic pressure measurements (28) indicate that the molecular 
weight of this protem remams unchanged upon denaturation by concentrated 
urea solutions Determinations of the true molecular weight of urea-de- 
natured bo vine albumin must await enlistment of independent methods of 
investigation 10 

The regenerated protem molecules bear a certain resemblance to the intact 
native unit No changes in carbohydrate content occur during the denatura- 
tion-regeneration procedure, while the drastic changes m molecular shape 
resulting from denaturation become quantitatively reversed during regenera- 
tion Within the limits of the resolving power of the present methods, native 
and regenerated whole bovine albumin reveal almost identical molecular 
weights, although a shght elevation has been found to result upon regeneration 
from concentrated solutions of guanidine hydrochloride 11 

In some procedures for the modification of proteins, changes in the degree 
of homogeneity occur 12 However, analysis by the methods of electrophoresis, 
diffusion, and sedimentation reveals that the present method not only preserves 
the homogeneity of the native protem but that, actually, the regenerated pro- 
tem contains a shghtly reduced amount of electrophoretic impurities 
In previous studies on horse serum albumin, electrophoretic mobility has 
been considered as a criterion for the reversibility of the denaturation process 
(5) While, m analogy with those studies, urea-regenerated bovine albumin 
revealed a shghtly higher mobility than the native protem, no changes m 
mobility could be found following regeneration from guanidine hydrochloride 
This difference m behavior does not mvite elaborate explanation as long as 
analogous data on horse serum albumin remain unavailable 

Comparative measurements on the rates of tryptic hydrolysis have also been 
considered as sensitive criteria for the reversibility of the denaturation process 
Here, bovine albumin follows closely the behavior previously established for 
horse ser um albumin (6) To a considerable degree, the regenerated material 
is more susceptible to tryptic fission than the native material This finding, 
together with the observation that irreversibly denatured, and regenerated 
horse serum albumin are equally susceptible to proteolysis, indicates the 
occurrence of irreversible changes m the structure of the bovine albumin con- 

10 Osmotic pressure measurements are being undertaken m this laboratory in the 
hope of solving this problem 

u This apparent increase m molecular weight may arise from an increase in the 
partial specific volume of the protem 
12 Cf reference (9), page 471 



F W PUTNAM, J 0 ERICKSON, E VOLKtN, AND H NEURATH 529 

comitant to the denaturation regeneration process. Denaturation of these 
proteins, under the conditions described, is therefore, irreversible. 

The reversible denaturation and inactivation of crystalline proteolytic enzymes, 
studied by Northrop, Kunitz, and Hcmott (29), appear* to be a somewhat different 
process Underspecified conditions of pH and temperature reversal could be achieved 
only If the protons were exposed to the denaturing action for a abort period of time. 
In the present studies, however, the serum proteins were exposed to a given conccu 
tratian of the denaturing agent long enough for the denaturant to exert its full effects. 
Under these conditions, dentturatica is irreversible. Similar considerations may 
apply (30) to the discrepancies between the present findings and those obtained by 
Anson and MIraky (31) for the reversible denaturation of hemoglobin by sodium 
salicylate. 

The bovine crystalbumm used in this investigation represents a highly 
punfied fraction of whole albumin (10), devoid of carbohydrate constituents. 
Although it resembles whole albumin in certain physicochemical properties, 
1 1 molecular weight and electrophoretic mobility, differences m intrinsic 
structure may be revealed by factors significant in characterizing susceptibility 
to denaturation 

A larger proportion of ayitalbumin was irreversibly denatured by concen 
trated solutions of urea or guanidine hydrochloride than was found for whole 
bovine albumin. As radicated by Fig 4, the corresponding quantities are 
about 50 per cent and 5 per cent respectively Unpublished data on hand 
indicate that the viscosity increase produced by S u urea solutions is greater 
for cryitalbumm than for whole albumin. Finally, crysUlbumm has been 
found to be more susceptible to tryptic hydrolysis than the protein from which 
it was derived (Fig 3) Hence, by these three entena, crystaibumin is more 
liable to denaturation and Jess susceptible to regeneration, than whole native 
bovine albumin. 

Our thanks are due to Dr Max A. lauffer of the Rockefeller Institute for 
Medical Research Pnnceton, New Jersey, far his generous cooperation in 
performing the sedimentation analyses, we are also indebted to Dr J W 
Beard of the Department of Experimental Surgery, Duke University School of 
Medicine, for making available to os the Tiselms apparatus used in electro- 
phoresis measurements and to Drs. E. J Cohn and H B Vickery, Harvard 
Medical School for arranging for the supply of crystalline bovine alba mm. 

SUMMARY 

1 Whole bovine alb umin, homogeneous m diffusion and sedimentation, and 
essentially homogeneous m deetrophoress, has been prepared by a method 
involving ammonium sulfate precipitation of the gloiraGns m the cold and of 

> "V; — 


530 


NATIVE AND REGENERATED BOVINE ALBUMIN I 


the albumin at room temperature, isoelectric precipitation of the euglobuhns, 
and reprecipitation of the albumin 

2 The product has been characterized by chemical analysis and by viscosity, 
diffusion, sedimentation, and electrophoresis measurements The carbo- 
hydrate content is 0 38 per cent, the nitrogen content, 15 2 per cent The 
molecular shape approximates that of a prolate ellipsoid with an axial ratio of 
3 1, assummg 33 per cent hydration, the average molecular weight is 65,000 

3 Bovine albumin is readily denatured by concentrated solutions of urea or 
guanidine hydrochloride, gross changes m molecular shape resultmg 

4 Regeneration of bovine albumin denatured m solutions of 8 m urea or 
guanidine hydrochloride yields a material closely resembling the native m 
carbohydrate content, in molecular size and shape, and m electrophoretic 
properties However, the regenerated protein differs from the native in sus- 
ceptibility to tryptic digestion, and, m this respect, appears to be m a denatured 
state 

5 In 8 at solutions of guanidine hydrochlonde a limiting yield of regenerated 
alb umin equivalent to 95 per cent of the original protem is approached 

6 Bovine crystalbumm, a crystalline carbohydrate-free fraction of the whole 
albumin, appears to be more susceptible to denaturation than whole bovine 
albumin 
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Previous experiments have shown (2) that regeneration 1 of urea-denatured 
horse serum albumin yielded a material which, in comparison with the native 
protein, exhibited a significantly lower ability to stimulate precipitin* m the 
rabbit. The regenerated protein, however, was capable of precipitating to 
full titer the preapitms produced by immunization of rabbits with the native 
material. 

Similar experiments have now been carried out on whole bomne atbumm, a 
protein of recognized lower antigenic activity than horse albumin The prep- 
aration and properties of the native and regenerated proteins have been 
described in the preceding paper of this series (3) 

EXPERIMENTAL 

M etiiods 

1 Antigens — The materials used for Injection and for titrating the serum for the 
presence of antibodies were (1) native whole bovine albumin (2) albumin regenerated 
from 8 u urea solutions, and (3) albumin regenerated from 8 u solutions of guanidine 
hydrochloride (3) 

2 Immunisation of Animals — Each antigen was Injected intravenously into 
twenty four rabbits of varying weights and breeds, each animal receiving six doses, 
given twice weekly over a 3 week period To compare the effects of dosage each 
group of twenty four rabbits was divided Into four groups of six each. The native 
and urea regenerated whole bovine albumin antigens were administered In total doses 
of 10 mg, 20 mg, 40 mg and 80 mg per kilo body weight, while due to a mlsunder 
standing the corresponding doses of whole bovine albumin regenerated from guanidine 
hydrochloride, were 6 mg , 12 mg 24 mg and 48 mg per kilo For each group the 
first two doses were one- tenth of the total dose the last four injections each containing 


* This work was aided by grants from The Rockefeller Foundation, the Led trie 
Laboratories, Inc. and the Duke University Research Council, 
t A preliminary report has already been published (1) 

1 "Regeneration of a protein refers to the reversal of the process applied for 
denaturation and Isolation of that protein fraction most closely resembling thenntive 
protein in chemical and physicochemical properties, j 

533 


534 


NATIVE AND REGENERATED BOVINE ALBUMIN II 


one-fifth of the total dose The rabbits were bled from the heart 7 days after the 
last injection 

3 Precipitin Titration — The serum dilution method, described by one of us (4) 
was used 0 5 ml quantities of twofold dilutions of immune serum in saline, and 0 5 
ml quantities of each antigen solution, containing 8 pg of antigen per ml , were mixed, 
shaken, and examined for visible precipitation after standing for 2 hours at room 
temperature The antigen concentration of 8 pg per ml was selected after prelim- 
inary determinations had shown that a final concentration of 4 pg per ml was the 
smallest amount of antigen capable of yielding a definitely visible precipitate under 
the conditions (Table I) 


TABLE I 


Protocol of Preliminary Experiments to Determine the Smallest Amount of Antigen Capable of 
Yielding a Visible Precipitate m a Bovine Albumin Anti-Bovine Albumin 

Rabbit Serum System 


Rabbit 
scrum No i 

Final 

serum 

dilution 

Final concentration of antigen, /i; Per ml 

Antibody 
units per 
ml of 
undiluted 
serum 

1000 

500 

250 

125 

62 5 

31 3 

15 7 

7 8 

39 

20 

3 

1-4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

— 

256 

6 

1-4 

+ 

4" 


+ 

+ 

+ 

+ 

+ 

+ 

— 

128 

9 

1-8 

rfc i 

+ 

+ 

+ 

+ 

+ 

+ 

+ 1 

+ 

— 

512 

10 

1-4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

— 

256 

18 

1-8 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

— 

1024 

20 

1-8 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- 

1024 

21 

1-8 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

— 

512 

23 

1-64 

— 

± 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

— 

2048 

24 

1-8 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

— 

256 


+, denotes visible precipitation, — , no precipitation, and ±, doubtful reaction 


Column 1 of Table I lists the serum employed and column 2 the final dilution of 
serum used in these constant antibody-varying antigen senes The following ten 
columns show the vanous final antigen concentrations, expressed in micrograms per 
milliliter The table shows that the antigen dilution method yields constant endpoints 
which have no relationship to the precipitin titer as obtained by the serum dilution 
method (last column) 

Similar titrations showed the concentration of 4 pg per ml to be minimal also for 
observation of visible precipitation of the regenerated antigens with their respective 
homologous antisera 5 

The accuracy of this method has already been demonstrated for the Pneumococcus, 
Type I SSS-antipneumococcus rabbit serum system (4) Its application to a protem- 

s The results of precipitin titrations are expressed arbitrarily in terms of antigen 
concentration, following Marrack’s suggestion (5) that the unit of antibody be defined 
as the amount reacting optimally with 1 pg of antigen The titration values given 
for each serum m Table I were obtained by subsequent titration by the serum dilution 
procedure described above 
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antiprotein rabbit serum system was checked by independent titration of a rabbit 
serum containing antibodies for the horse serum albumin fraction A, prepared by the 
method of Kekwick (6) The equivalence point, determined by the quantitative 
method of Hefdelberger and Kendall (7), was found to be attained with 1.23 mg of 
antigen, by Culbertson’s method (8) a value of 1 0 mg was obtained. The highest 
serum dilution yielding a visible precipitate, when mixed with an equal volume of 
antigen containing 8 pg per ml , was 1-128 In terras of final concentration, a serum 
dilution of 1-256 produced a precipitate with 4 pg of antigen, radicating that the nndi 
luted serum was capable of completely precipitating 1 024 mg of antigen (correspond 
ing to 1024 antibody units) 

A Anaphylaxis — 10 days alter the last injection of antigen the rabbits were injected 
intravencrasi} with homologous or heterologous antigens, in a dose of 100 mg oer kilo 
body weight. 

RESULTS 

1 Anaphylaxts — A few rabbits died during the immunization procedure, of 
the remainder only one rabbit (No 23) showed any evidence of shock. How 
ever, it recovered completely within 15 minutes. 

2 Precipitin Titers — The results of the precipitin titrations, obtained with 
the homologous antigens are summarized m Table IL 

Column 1 of Table II refers to the nature of the antigen and the total immunizing 
dose, column 2 to the number of animals receiving this dose. The following columns 
give the number of antisera that were found to contain the number of antibody units 
kited m the top row of the table Mean values for the antibod} units, obtained m 
response to the administration of each immunizing dose, are listed in the last column 
of the table. 

3 Relation behoeen the Immunising Dose and Preaptltn Content — Inspection 
of Table II shows a marked variation in antibody titer within each group of 
antisera. Statistical analysis failed to reveal any significant correlation be- 
tween the dose injected and the degree of precipitin response 

4 Comparison of the Antigenicity of Native and Regenerated Whole Bowie 
Albumin — Calculations of mean values for the antibody content of the first 
three groups of sera listed in Table H indicate that the antigenic activity of 
these three antigens decreases m the following order native whole bovine 
albumin, urea regenerated albumin, and guanidine hydrochloride regenerated 
albumin. The corresponding antibody values, expressed m antibody units 
per rmllfliter of serum are, respcctiv ely, 3S3, 274, and 114 Computation of t 
values, however, reveals that the differences in antibody response to the native 
and urea regenerated proteins were not significant (j> <C. 0 4 > 03) * In these 

* p is the probability that a giv en deviation from expectation (based upon hypothe 
til) thall occur bv the action of pure chance. Thus a value of p - 03 radicates that 
In 20 per cent of the total number of observations an event wffl occur by mere coin- 
cidence. 
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computations, all values were considered to carry equal weight, irrespective 
of the immunizing dose A similar comparison of the responses to the native 
and guanidine hydrochloride-regenerated whole bovine albumin showed the 
differences in anti genic activity to be statistically significant (fi < 0 02 > 0 01) 


TABLE n 

Results of Precipitin Titrations of Rabbit Antisera to Native and Regenerated Bovine Albumins 
with their Respective Homologous Antigens 


Antigen* total 

No of 

Antibody units per ml 

Mean titer 
(anubody 
units per 
ml ) 

dose 

injected 

<4 

4 

8 

16 

32 

64 

128 

256 

512 

1024 

2048 

tnt 


■ 

■ 



■ 








N-l 0 

6 

B 

■ 


1 


1 

1 

1 




83 

N-20 

4 


■ 






1 

3 



448 

N- 40 

5 

■ 

■ 



2 

fl 

■ 

1 


1 


282 

iV-80 

6 

1 

£ 




ll 

■ 

3 

1 

1 

1 

725 

Total 

21 

1 



1 

3 

2 

1 

6 

4 

2 

1 

383 

1 

1 5 




if 

■ 


3 

2 




175 


4 




I 

K 


1 

1 

1 



232 

CMO 

6 




m 

n 

1 

2 

2 




144 

(7-80 

6 

[ 

' 

< 

■ 

1 


2 

3 



1 

555 

Total 

21 



I 


2 

1 

8 

8 

1 


1 

274 

G-6 

6 


1 



1 

1 

1 

1 

1 



167 

G- 12 

6 





1 

2 

3 





91 

G- 24 

6 



1 


2 

1 

2 





67 

G-48 

6 






4 


2 




128 

Total 

24 

1 

B 

B 


4 

8 

6 

3 

B 



114 

C-80 

6 

1 

3 




2 






26 


* N, denotes whole albumin, U, albumin regenerated from 8 m urea, G, albumin regen- 
erated from 8 it guanidine hydrochloride, and C, native crystalbumin 


Although the mean antibody titer obtained m the series of antisera to guanidine 
hydrochloride-regenerated albumin may have been due to the smaller immuniz- 
ing doses employed, comparison of the antigenicities of these two proteins 
appears to be justified m view of the observation that variation m antibody 
response to various doses of antigen lacked statistical significance 

Hence regeneration from 8 m guanidine hydrochloride, but not from 8 M 
urea, resulted in a significant change in the antigenic property when compared 
to the antigenicity of the original whole bovine albumin 
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5 Anhgcmcily of Cryslalbumtit —A generous supply of crystalline, carbo- 
hydrate-free bovine albumin, obtamed through the courtesy of the Department 
of Physical Chemistry, Harvard University Medical School, enabled us to 
compare the immunological properties of our preparations with those of a 
standardized preparation of a highly purified material (hereinafter referred to 
as crystalbumin) Sue rabbits were immunised with a standard dose of 80 mg 
of crystalbumin, the highest immunising dose employed m the preceding 
experiments The antibody titers, given in the last row of Table n, show that 
the mean titer of these six rabbits was 26 antibody units per mi The numen 
cal difference between this titer and the mean antibody response elicited by the 
administration of 80 mg of native, whole bovine albumin (725 antibody units 
per kilo body weight), is statistically significant (J> < 0 05 > 0 02) Howev er, 
no statistically significant difference could be found when the mean titer of 
antisera to crystalbumin was compared with that of all antisera to whole bovine 
albumin regenerated from guanidine hydrochloride (p < 0 1 > 0 05), although 
a numerical difference is apparent. In these computations, the difference in 
the size of the immunizing dose has been neglected, for reasons already stated 
m the preceding paragraph It appears, therefore, that the Ices in antigenicity 
resulting from further chemical purification of whole albumin, yielding crystal 
bumin, is comparable to, if not greater than, that occasioned by regeneration 
of native whole bovine albumin from 8 u guanidine hydrochloride. 

6 Serological Specificity — Each of the antisera to whole bovine albumin, 
in the native state (N) and after regeneration from urea (£/) and guanidine 
hydrochloride (G), were titrated with the respective heterologous antigens. 
Antisera from rabbits that had received the highest immunizing dose oi each 
antigen were titrated also with crystalbumin (C) In addition, all anti- 
aystalbumin rabbit sera were titrated with native whole bovine albumin In 
all cases the heterologous and homologous titers were found to be identical. 
Immunological equivalence of the four antigens, t.c native whole bovine 
albumin, albumin regenerated from urea and from guanidine hydrochloride, 
and aystalbinnin, appears, therefore, to be established although quantitative 
precipitin measurements may yet reveal small differences m the degree of 
cross-reaction 


msccssnrs- 

Comparison of the immunological properties of native and regenerated whole 
bovme albumin reveals their mean antigenic activities to decrease numerically 
in the following order (1) native albumin, (2) albumin regenerated from 8 u 
urea, and (3) albumin regenerated from 8 u guanidine hydrochloride All 
antigens proved to be immun ologically equivalent with each other as well as 
with native bovine crystattrumin. 

The decrease m antigenicity achiesed by regeneration' bumin by 
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urea was statistically not significant However, regeneration from guanidine 
hydrochloride proved effective in rendering albumin less antigenic, resulting 
in. about a 70 per cent reduction in activity 

It may be of interest to compare these findings with those previously reported 
for native, and urea-regenerated horse serum albumin (2) While differences 
in species specificity between the albumin constituents of horse and beef serum, 
as well as the relatively lower degree of purity of whole bovine albumin, pre- 
clude a strict comparison, certain differences in behavior are apparent With 
horse serum albumin, fraction A, more than 90 per cent of the initially high 
antigenic power could be eliminated by regeneration from urea, while the same 
treatment resulted only in a small reduction m antigenicity of the naturally 
less antigenic bovine albumin The more powerful denaturing action of 
guanidine hydrochloride was required to achieve a significant reduction in the 
antigenicity of bovine albumin 

An explanation for the different behavior of these two proteins may possibly 
be found in two factors which have been considered influential in determining 
the antigenicity of a protein 

The first of these is the presence of carbohydrate constituents It has been 
pointed out (2) that carbohydrate groups appear to confer a high degree of 
antigenic activity on bacteria as well as on certain serum protems The data 
on hand indicate a similar parallelism between carbohydrate content and 
antigenic power, the order of decreasing antigenicity being as follows horse 
serum albumin, fraction A (1 95 per cent carbohydrate), whole bovine albumin 
(0 4 per cent carbohydrate), and bovine crystalbumin (no carbohydrate) 
However, the degree of antigenic activity should not be attributed solely to 
the presence of carbohydrate residues, for, with both horse serum albumin 
and whole bovine albumin, the regenerated materials, m spite of unchanged 
carbohydrate content, exhibited a lower antigenicity than the native protems 
from which they were derived 

A second factor to be considered m this connection is the contribution of the 
intact, specific configuration of the native protem molecule Elsewhere it has 
been suggested (2) that processes bringing about partial or complete abolition 
of antigenic activity are those which break down the internal structure of the 
molecule Different processes, when applied to a protem, may vary from each 
other in the extent to which they affect the internal configuration of the protem, 
guani din e hydrochloride, for instance, bemg more effective m some respects 
than urea (9, 10) Conversely, a given denaturing agent may affect different 
protems to varying degrees (11) The experimental evidence presented previ- 
ously (3, 9) suggests strongly that horse serum albumm, fraction A, is more 
extensively denatured by urea, and is less susceptible to regeneration, than is 
whole bovine alb umm The present immunological data are mdeed indicative 
of the existence of a close relation between loss of antigenicity and the extent 
to which denaturation has occurred 
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The low antigenic power of native bovine crystalbumin may be ascribed to 
the combined influence of both of the aforementioned factors. This protein 
is devoid of carbohydrate, in addition, it is more susceptible to denatu ration 
than either horse serum albumin or whole bovine albumin 
The faqt that all four antigens proved to be immunologically equivalent, as 
revealed by the present method of titration, is very significant It indicates 
that the observed differences in antigenic activity are probably not due to the 
production of different types of antibodies. It reveals that neither denatum 
tion and regeneration, nor chemical purification produced decisive changes 
in the chemical structure of bovine albumin. Finally, it adds to the evidence 
that the carbohydrate residues m these large protein molecules, though a con 
tributing factor in establishing the degree of antigenicity, play no significant 
rdle in the determination of serological specificity 

SUMMARY 

1 The effects of regeneration of whole bovine albumin on antigenic activity 
and serological specificity were determined by precipitin measurements on 
rabbit antisera to (1) native whole albumin, (2) albumin regenerated from 8 u 
urea, and (3) albumin regenerated from 8 m guanidine hydrochloride. 

2 While numerically the mean antibody response to these three antigens was 
found to decrease m the order named, only the difference in antigenic activity 
between native and guanidine hydrochloride-regenerated albumin was statis- 
tically significant. Native, crystalline, carbohydrate-free albumin (crystal 
bumm) was considerably less antigenic than native whole bovine albumm, its 
activity being comparable to, if not less than, that observed for guamdme 
hydrochloride-regenerated whole albumm 

3 All four antigens were immunologically equivalent. 

4 The antigenic activity of these proteins is discussed m terms of protein 
structure and carbohydrate content, 
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EFFECTS OF pH AND OF VARIOUS CONCENTRATIONS OF SODIUM, 
POTASSIUM, AND CALCIUM CHLORIDE ON MUSCULAR 
ACTIVITY OF THE ISOLATED CROP OF PERIPLANETA 
AMERICANA (ORTHO PTERA)* 

Br JAMES T GRIFFITHS, Jt, and OSCAR E, TAUBER 
(From the Department of Zoology and Entomology , l ova Stale College, Ames) 

(Received for publication, March 1, 1943) 

In 1940, Griffiths and Tauber (13) published a preliminary account of at 
tempts to devise a physiological salt solution for the isolated foregut of the 
American roach, Pen pi an da amencana L Initially, they tested insect physio- 
logical solutions which were recommended by BflAr (2), Hobson (16), Yeager 
(25), TenCate (23), and Glaser (10) Only the solutions of EH r and Hobson 
produced results which were at all satisfactory for the erased crop of the Ameri- 
can roach Secondly, amounts of the chlorides of sodium, potassium, and 
calaum were varied, and it was found that 14 6 gnu of NaCl, 0 45 gm of KCI, 
0.50 gm. of CaCb, and 0 19 gm. of NaHCOa in 1 liter of water gave the best 
results among many mixtures tested, when contractions of the cockroach fore- 
gut were used as a criterion of adequacy 

The foregut of the American roach, used for these tests, may be divided 
into several more or less distinct regions an esophagus, a crop or Ingluvies, 
and a gizzard or proven tnculus The crop is composed of three layers of 
tissue (Fig 1) The mnermost layer is the cuticula, which, in section, appears 
to be of varying thickness, to have a roughened inner margin, and to be lined 
as though it were stratified The middle is composed of a smgle layer of large 
epithelial cells. Muscle tissue surrounds the outside of the crop Irregularly 
placed longitudinal fibers lie mside the encircling transverse muscles. All 
fibers are distinctly striated, with well defined sarcomeres The activity of 
these muscles fibers was studied in the present investigation. Only those 
contractions which resulted m change in length of the inghmal region, and 
hence in movement of the attached lever were recorded in the work described 
here Neither simple peristalsis, an ti-pens talsis, nor proven tncular activity 
appeared to influence the action of the lever 

Method 

The apparatus used for recording muscular activity of the crop in various salt mix 
tures was the same as that previously described by Griffiths and Tauber (13) The 

• Journal Paper No J 1107 of the Iowa Agricultural Experiment Station, Ames, 
Rwa. Project No 372 
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method involved use of a glass tube through which the solution to be tested was passed, 
and m which the crop was suspended from the recording lever This lever was a 
capillary glass tube so arranged that actual amplitude of movement was magnified 
seven tunes as it was recorded upon a slowly revolving kymograph drum which made 
one revolution in 16 hours Solutions were all aerated with oxygen All work was 
done at room temperature, usually between 22 and 26°C 

Test solutions were made up m distilled water redistilled from glass Various mix- 
tures of chemically pure sodium chloride, potassium chloride, sodium bicarbonate, 
calcium chloride, sodium dihydrogen phosphate, hydrochloric acid, and sodium hy- 
droxide were used in the experimental solutions Concentrated stock solutions 


c 



cm 


Fig 1 Drawing of portion of cross-section of crop from Periplanela amertcana 
c = cuticula, cm ■= circular muscle, e = epithelium, Im = longitudinal muscle 

were made of each of the above chemicals to facilitate preparation of dilutions to 
be tested 

Insects used in these investigations were adult specimens of the American cock- 
roach, Penplaneta amertcana L Only healthy individuals, between the ages of 15 
and 100 days, were used The roaches had all been laboratory-reared, at room tem- 
perature, on a diet of whole wheat bread, banana, raw beef steak, and Pablum 

Ten foreguts, five from male roaches and five from females, were tested in each 
solution Experimental animals were usually starved for 48 hours and then were 
given access to a mixture of ground starch and carmine which had been dampened 
with water This colored food was used to determine food intake of specimens used 
for experimentation on the following day 

Each isolated crop preparation was allowed to run until failure to maintain spon- 
taneous contractions terminated the experiment Since the speed of the kymograph 
drum was known, duration of activity could be calculated in hours Every 20 mm- 
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tJcra with increastd NaCl concentrations. The seven KCl/CaCi. ratios were 
within the range of 0.5 to 1 0 

Examination of activity products in Table I shows that satisfactory activity 
did not result m absence of either KCi, or CaClj, or both In mixtures con 
taming KCI, but no CaCh, the crops registered on initial loss of tone and 
Stopped activity in a state of relaxation (Fig 2, G) This phenomenon is m 
accord with the generally recognized depression effect of potassium upon all 
types of muscle tissue. 

When CaClj was present, but KCI was lacking, results were not so uniform. 
In slightly more than half the cases, the crop exhibited a sharp initial increase 
in tone and contractions ceased with the foregut in a state of contraction (Fig 
2, D and E) It appears that CaClj is responsible for this Increase in tonu 3 , 


TABLE I 

Avrra[t Activity Products for Solutions Containing IX) per cm l Sodium Chloride, but in 
Which KO/CaCh Ratios Were Varied 
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os 

0 009 

0 109 

0 162 

0 422 

0 <06 


04 

0 013 

0 283 

0 523 

0 333 

0 126 

r* trr ltUr 

01 

0 012 

0 433 

0 390 

o m 

0 306 


OX 

0 010 

0 549 

0 259 

0 293 

0 012 


04 

0 012 

0 033 

0 012 

0 002 

0 001 


but that the tonic contraction is not always evident Excess calcium has often 
been shown to produce tome contraction m many types of muscle tissue. This 
same response seems to be at least partially demonstrated by the striated 
muscle of the insect foregut which was tested m this senes of experiments. 

When solutions lacked both Co. and K ions, muscle fibers of the crop very 
often rapidly lost their tonus and remained in a relaxed condition (Fig 2, F) 

Effect of Changes in NaCl Concentration 

When NaCl concentrations were increased, higher osmotic pressure, with 
Possible hypertorucity, became a factor to be considered Several investi- 
gators have reported osmotic pressures of insect hemolymphs Most of the 
work involved a freezing point technique with resulting values expressed as 
per cent NaCl necessary to produce the same freezing point depression and, 
consequently, the same osmotic pressure. Maluf (19), in 1939, summarized 
certain of the information concerning osmotic pressure in Insect body fluids. 
He quoted values ranging between 0.8 per cent and 1.5 per cent NaCl, with a 
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mean of about 0 9 per cent Bachman (1) reported values between OS per 
cent and 1 9 per cent NaCl for certain water beetles Tor honey bee hrvac, 
Bishop (3) stated that the osmotic pressure was equivalent to 1 5 per cent 
NaCl Krogh (IS) questioned the correctness of these high osmotic values 
obtained for insect hemoly mph No osmotic v alucs for cockroach liemolv nipli 
ha\e been recorded However, m 1939, Yeager (24) used as high as" 1 19 
per cent NaCl in his w ork w ith the isolated dorsal \ csscl of the \mcncan roach , 
and Griffiths and Tauber (13) recommended 1 46 per cent NaCl as optimum for 
the excised foregut of the same insect In \ icw of these facts, it appears lffieK 
that osmotic pressure values abo\ c those equivalent to 1 0 per cent NaCl may 
very well be isotonic with certain insect hemolymphs 
It has been demonstrated with different muscle tissues that NaCl con- 
centrations can be varied considerably with little or no effect upon activity 
of contracting tissue Cole (So) found that decreases and increases in osmotic 
pressure, up to 15 per cent, caused no significant changes in the rate and char- 
acter of lobster heart beat, for several hours Concerning the use of NaCl 
with the frog heart, Bumdgc (4, p 25) stated, “ we find divers workers 
obtaining satisfactory percentages varying from 0 6 to 0 75 per cent ” 
Clark (S), in 1913, v aried NaCl from 0 5 per cent to 0 7 per cent with no signifi- 
cant effect upon the contracting frog heart However, NaCl increases which 
produced definitely hypertonic solutions caused decreased muscular activity, 
according to Carlson (6, 7), Howell (17), Stcggcrda (22), and Cardot (5) It 
appears that slightly hyqiertomc solutions may produce little or no effect, but 
with increased hypertonicity , there is subsequent depression of activity 
To find how roach foregut muscles react to varying NaCl concentrations, 
the sev cn KCl/CaCb ratios which gav e the better actn ity products when com- 
bined with 1 0 per cent NaCl (in Table I) were further tested with 1 2 percent, 

1 3 per cent, 1 4 per cent, 1 5 per cent, 1 6 per cent, 1 7 per cent, and 1 8 per 
cent NaCl All these solutions contained 0 02 per cent NallCOj 1 he av ernge 
actn ity product for these 56 mixtures is giv en in Table II Lach solution mean 
is an av erage for fiv c crops from male and fn e crops from female roaches In 
addition, the combined means for the eight NaCl levels, and similar means 
for the seven KCl/CaCl- ratios, arc presented 

Information summarized m Table II raises the question as to vlnt NaCl 
level represents an isotonic condition for the foregut of Fenplavtta an'rncara 
Comparatively satisfactory results v ere obtained betv cen 1 0 per cent and 1 8 
per cent NaCl This is an extremely v ide range Hov cv cr, actn itv products 
obtained w ith 1 4 per cent, 1 5 per cent, and 1 6 per cent NaCl v tre definitely 
superior to other sodium lev els This nnding is in agreement v ith preliminary 
results (13) If hidi average activity products, derived from actual me nurc- 
ment of muscle responses, may be interpreted as ind/cntn c of isotomatv , c o ; u- 
tions which contain I 4 per cent to I 6 per cent NaCl se<m to ap^oarh ro- 
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tonicity for muscle m the foregut of the American roach However, the ap- 
parent abnormal lowering of activity at the 1.5 per cent level complicates the 
problem This average activity product dropped about 20 per cent below the 
average of the other two In 1940, Griffiths and Tauber (13), with more tests 
per solution, found decreased activity in solutions which contained 1 62 per cent 
NaCl, aa compared to those which contained 1 46 per cent. Thus, it seems 
possible that more extensive experimentation would show that the average 
activity product at the 1 6 per cent level of the present senes of trials is too high. 
There is considerable evidence which points to this mew Four of the seven 


TABLE n 

Attract Actirlty Product* Jot Solutions vriii Soon KCl/CaCh Ratios and Ellit Nad 
Concentrations 



CC1/C*C^ coocratrmtloTU, pm. ftr liter 


02 

04 

04 

04 

06 

“ojf 

04 

04 

-11 

04 

04 

04 

04 

04 

iutio of KO/C*CU 

04 

046 

0-73 

14 

14 

14 

1j0 



cw kn. 

«* -krt 

m.4 i 

cm,-krs 

cm -krj 

cm -4 n 

cm -As i 

cm - krt 



0 443 

0 523 

0 422 

0 549 

0 390 

0 398 

0 406 

0 447 


u 

0 552 

0 2 96 

0 767 

0 382 

0 475 

0 689 

0 377 

0 505 


U 

0 657 

0 617 

0 715 

0 505 

0 607 

0 395 

0 309 

0 S44 


14 

1 169 

0 755 

0 637 

1 286 

0 835 

0 550 

0 330 

0 795 


14 

1 339 

0 671 

0 481 

0 497 

0 504 

0 465 

0 494 

0 636 


IS 

1 546 

1 109 

0 240 

0 686 

0 600 

0 642 

0 459 

0 755 


17 

0 565 

0 789 

0 466 

0 756 

0 583 

0 662 

0 390 

0 602 


14 

0 524 

0 910 

0 260 

0 477 

0 407 

0 678 

0 343 

0 514 

Uoni 


0 849 

0 709 

0 499 

0 642 

0 530 

0 560 

0 389 



KCl/CaCb ratios tested with 1 4 per cent NaCl yielded average activity prod 
uct 3 greater than 0 750 In contrast, there was only one solution for the 1.5 
per cent level, and only two for the 1 6 per cent level, which had activity prod 
ucts of this magnitude. In addition, and most important, the mixtures with 
1 4 per cent NaCl produced the highest average activity product, namely, 
0 795 Also, if the means at the right end of Table H are examined it will be 
seen that the deviation at the 1.5 per cent NaCl level a the only break m an 
activity curve from 1 0 per cent to 1.8 per cent NaCb Therefore, it raa> be 
tentatively concluded that, of the NaCl concentrations tested, the one con 
tsuning 14 0 gm per liter of solution ofiered the optimum environment for the 
Isolated crop of Pmfdanda amencana Additional evidence for this Inter 
pKUtsrm wSl be Sound mhtcr paragraphs where other experimental data are 
presented 
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Records from excised crops m 1 4 per cent NaCl are pictured m Fig 2, A 
and B Activity at this sodium level was usually characterized by a prompt 
initiation of contractions which were maintained over considerable periods of 
time Some loss of tonus was usually manifested m the beginning After 
small irregularities at first, the baseline is contmued in a regular manner 
Often,, in mixtures in which ionic concentrations were apparently unbalanced, 
the amplitude, frequency, and baseline were extremely irregular, and activity 
time was of short duration In test solution 33 (NaCl = 1 4 per cent, KC1 - 
0 02 per cent, CaCl» = 0 04 per cent), where the activity time averaged more 
than 17 hours, one crop, No 324, maintained contractions for almost 38 hours 

Optimum KCl/CaCk Concentrations 

The KCl/CaClo ratio which allowed maximum activity was composed of 
0 02 per cent RCI and 0 04 per cent CaCl 2 (see Table U) Three of the five 
solutions, in which were obtained activity products of more than 1 000, con- 
tamed KC1 and CaCl 2 in this ratio The lowest average activity product 
recorded at this ratio was 0 443 for the solution which contained 1 0 per cent 
NaCl 

In general, Table II indicates that solutions with a KCl/CaCl 2 ratio of less 
than 1 0 produced superior results when compared with solutions with a ratio 
of 1 0 It appears that, with a particular KCl/CaCh ratio, the activity of the 
excised foregut is decreased as the total amount of these two salts is increased 
Thus, for the mixtures with a ratio of 1 0, the average activity product drops 
from 0 635 in the solutions containing 0 02 per cent KC1 and 0 02 per cent 
CaClj, to 0 389 in those containing 0 08 per cent of each In a similar manner, 
for the solutions with more calcium than potassium, the activity products shift 
from an average of 0 849 for mixtures with a KCl/CaCh ratio of 0 02 per cent/ 

0 04 per cent to an average of 0 499 for the ratio of 0 06 per cent/0 08 per cent 

Another Approach to Determine the Optimum NaCl Concentrations 

Smce an optimum NaCl level could not be definitely determined by using 
data presented in Table II, additional experimentation with a different ap- 
proach, and the use of a statistical analysis seemed expedient In 1925, Glaser 
(11) found that the pH of American roach hemolymph lay witbm the range of 
7 5-8 0 In the present experiment, test solutions containing 0 02 per cent 
NaHC0 3 had a pH value which varied between 7 8 and 8 2 It was decided to 
test an additional series of NaCl levels at a pH of about 7 5 These mixtures 
were composed of four KCl/CaCl 2 ratios (0 2/0 2, 0 4/0 4, 0 2/0 4, 0 4/0 6 gm 
per liter) and three NaCl levels (1 4, 1 5, and 1 6 gm per hter) To each 
solution was added 0 02 per cent NaHCOj, and the mixture was then titrated 
with 0 1 normal HC1 to a pH value of 7 5 Either while standing, or while 
flowing through the crop chamber, the pH of these solutions gradually rose to 
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between 7 &-S 0 within 10 to 14 hours Thus, although crops were isolated at 
a pH of 7.5, and tests of activity began at this pH, muscular contractions con 
tinued as the OH ion concentration gradually increased As before, five 
crops from each sex were tested m each mixture. Average activity products 
for each solution at pH 7.5 are given in Table HL 


TABLE in 

Aver ops Activity Products for Solutions at pU IS 


n*o j 

j Ptr ctat KCl/CaClj 

llaawat 
pH 7-3 

OJ02 

0-02 

_ 0-04 

0JH 

043 

0 44 

004 

0.06 

><T CtM-S j 

cm in 

cm -in 1 

cm -in 

cm -in 

cm -kft 

1 4 

0 656 

0 980 

0 725 

0 462 

0 705 

1 5 j 

) 0 503 

0 285 

0 751 ] 

0 555 

0 524 

1 6 ! 

1 0 606 

0 575 

, 0 175 | 

0 534 

0 473 

Means at pH IS 

1 0 588 

0 613 

0 550 | 

0 517 | 

0 568 


TABLE IV 

Ararat 6 Actmty Products for Solutions at f>H SJ) 


NaCl 

Par cant KCVCaCl* 

Heart* 

oxa 

1 .« 

041 

044 

002 

044 

044 

04C 

emt 

| 

cm -in 

« -in | 

U -in 

« -in 

1 4 

0 923 

0 738 

1 165 

0 891 

j 1 011 

1 s 

0 683 

0 561 

0 991 | 

0 855 

I o 753 

1 6 

0 664 ' 

| 0 633 l 

0 897 I 

0 789 

t 0 589 

Means 

0 790 

0 645 | 

1 351 

0 845 

0 784 


As a basis for comparison, another senes of five crops from each sex was 
tested m a set of mixtures with an initial pH of 8 0 These results are gr.cn 
m Table IV 

It is evident from Tables HI and IV that there is a real difference between 
mixtures tested at pH 1JS and pH 8 0 with the latter-seemingly better How 
ever, at both levels of alkalinity, optimum NaCl concentration for muscle 
Contractions is 1 4 per cent and there is a reduction m crop activity with each 
increase of NaCl These results are in accord with the previous suggestion that 
1 4 per cent represents the optimum NaCl concentration. At pH 8 0, the 
KCi/CaCJ, ratio with the highest average activity product was ogam the 0 02 
per cent/0 04 per cent ratio 

To obtain a better understanding of the interactions which played a part m 
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the experiments, data from the four KCl/CaCl 2 ratios (0 2/0 2, 0 4/0 4, 0 2/0 4, 
and 0 4/0 6 gm per liter) tested in combination with 1 4 per cent, 1 5 per cent* 
and 1 6 per cent NaCl at pH values of 7 5 and 8 0 were statistically analyzed 
by the method of analysis of variance (20) The summary of this analysis is 
presented in Table V Due to difficulties mvolved in interpretation, other 
subclass interactions than those listed were not tested Subclasses in this 
analysis involved crops from a particular sex, tested on a given day, in any 
one solution Test solutions had been used for 2 days of experimentation, and 


TABLE V 

Analysts of Variance for Solutions at pH 75 and pH 80 


Source of variation 

Degrees of freedom 

Sum of squares 

Mean square 

Total 

239 

125 66 


Within subclass (sampling error) 

144 

56 01 

0 39 

pH 

1 

3 81 

3 81* 

Sex 

1 

0 77 

0 77 

K/Ca 

3 

3 72 

1 24* 

NaCl 

2 

1 88 

0 94J 

Days 

1 

10 14 

| 10 14* 

pH and sex 

1 

3 34 j 

3 34* 

pH and K/Ca 

3 

7 93 

2 64* 

Sex and K/Ca 

3 

2 01 

0 67* 

pH and NaCl 

2 

4 11 

2 06* 

Sex and NaCl 

2 

2 91 

1 46* 

K/Ca and NaCl 

6 

3 38 

0 56 

Days and pH 

1 

3 55 

3 55* 

Sex and days 

1 

1 70 

1 70J 

K/Ca and days 

3 

1 32 

0 44 

NaCl and days 

2 

1 47 

0 74 

Discrepance (error) 

63 

17 61 

0 28 


* Highly significant. 
J Significant. 


a preliminary survey of data had indicated a possible difference between crop 
activity on the 1st and 2nd day of the solution’s use, m spite of the fact that 
the pH was adjusted at the beginning of each day’s run 
Although the average activity product for crops from males (0 790) was 
greater than that from females (0 700), there was no significant difference 
Crops tested on the 1st day yielded an activity product of 0 950 in contrast to 

0 530 on the 2nd day However, when the interaction between these two vari- 
ables (sex, and day-tested) was analyzed, it was found that while the crops 
from males were considerably less active in day old solution (activity product 

1 100 to 0 800), the females’ crop activity was greater on the 2nd day (0 490 
to 0 560) At present no adequate explanation can be offered for this response 
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Since there u a significant difference between NaCl levels, and between KC1/ 
CaCh ratios, and since 1 4 per cent NaCl and 0 02 per cent KC1/0 04 per cent 
CaCli produced the highest average activity products, it may be concluded 
that, under the conditions prevailing, these percentages form the medium which 
affords an optimum environment for activity of the erased crop of the American 
roach 

With these factors of NaCl concentration and KCl/CaClj ratio rather well 
circumscribed, further experimentation upon the effect of pH appeared to be 
desirable. Therefore, four KCI/CaC], ratios (0 2/02, 0 4/0 4, 02/0 4, and 
0 4/0 6 gm. per liter) were tested with 1 4 per cent NaCl at initial pH values 
of 6 8 and 8 9 and the results were compared with the comparable solutions 
at pH 7.5 and 8 0 


An Opimum pB Value 

In order to study the effect of changes m pH, solutions to be tested were 
made up with either phosphate or bicarbonate. Standard HC1 or NaOH was 
added and solutions were titrated by means of a glass electrode to the desired 
pH It was found that the pH of sad solutions (pH 6 0-6.5) which were bnf 
feted with both phosphate and bicarbonate, or bicarbonate alone, tended to rise 
rapidly to a pH above 7 0 Smce this shift was undesirable, only phosphate 
was used in aad solutions, at the rate of OS cc. of 0.25 normal NaB,PO< per 
liter After titration, it was possible to maintain a pH between 6_5 and 6 9 
Occasionally, however, the acidity increased and it was necessary to check the 
pH regularly and remedy any change. 

Alkaline solutions were adjusted fay adding 0 1 N NaOH to a mixture which 
contained 02 gm. of NaHCO, as a buffer If phosphate was used, the pH 
dropped toward neutrality If it was omitted, there was only a gradual lower 
mg toward 8 0 Thus, it was possible to maintain a pH above 8 S for some 12 
to 15 houre without a change of solution. The pH values were adjusted at the 
beginning of each day’s run, and at anv other time when necessary 

The peculiar shifts in pH noted above are apparently related to the CO, 
exchange between the atmosphere and the test solutions Although fluctua 
tionx occurred both while standing in glass containers and during the course of 
experimentations, the change was more rapid when the solutions were being 
aerated and were flowing through the crop chamber Changes were essentially 
the came whether insect tissues were present or absent m the exjierlmental 
set np Apparently, agitation by bubbling and movement of the fluid afforded 
a better opportunity for the loss or uptake of the CO,, depending on the pH 
of the medium. In acid solutions, part of the NaHCO, was changed to no 
stable H,CO^ It appeared that this compound decomposol to form water and 
CO, The latter was lost, with the resulting nse in the ^ however, ^ 

m a medium with a pH above 8 0 there was no loss, but. 
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CO, Uptake of C0 2 was slow and the resultant pH change was, therefore, 
gradual The greater rapidity of change in the presence of phosphates may be 
partially explained The buffer effect of phosphates is at a minimum at a pH 
value of about 8 5 This is due to the fact that the tri-sodium form is changing 
to the di-sodium form at this value In addition, if CaCl 2 is present, the fol- 
lowing reaction will take place when the mixture is alkaline 

3 CaCl 2 + 2 NajHPO* CaaCPOda + 4 NaCl + 2 HCI 

However, since the quantities of both reactants were small, the amount of 
HCI would be very limited Other factors may be contributing to the shift 
of pH, but no further explanation can be offered at this time 
Various workers (4, 5, 7, 8, 9, 17) have demonstrated that changes m acidity 
or alkalinity affect the activity of muscle tissues These investigators have 
used different kinds of muscle from several widely separated animal groups 
With experiments performed upon different animals and with techniques not 
the same, results may often be seemingly contradictory Nevertheless, certain 
tendencies have made themselves evident 
A review of the literature (12) indicates that moderate and sometimes rather 
large changes m pH do not materially affect the normal activity of contract- 
ing muscle However, withm certain limits, there is a tendency for increase 
m acidity to depress, and increase in alkalinity, also withm a definite range, to 
stimulate activity It is probable that the stimulatory effect is a temporary 
one and that this concentration of hydroxyl ions would prove detrimental if 
maintained over longer periods, or if the OH-ions were further increased 
These same tendencies were noted in the present experiments with roach fore- 
gut muscle 

Results from the crops tested m 1 4 per cent NaCl at pH values of 6 8 and 8 9 
are compared in Table VI with those at 7 5 and 8 0 It should be remembered 
that crops w solutions which were initially tested at pH 7 5 and 8 9 continued 
their activity even though the solutions gradually approached pH 8 0 This 
change must have affected the activity m these solutions and should be con- 
sidered when studying data in Table V 
Data of Table VT were statistically analyzed The summary of this pro- 
cedure is m Table VH 

Several significant differences may be noticed in Table VH There was a 
significant sex difference, and the activity for crops from males (0 850) was 
better than that for crops from females (0 640) Once again the difference 
between day's run was highly significant The interaction between sex and 
day's run was highly significant and, as noted previously, the activity for 
males was markedly reduced on the 2nd day (1 160 to 0 540) while the fe- 
males changed very little (0 630 to 0 640) 

Until further evidence may he produced, it has been assumed that the change 
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in concentration of the phosphate and bicaihonate anions was not responsible 
for the different results found at the four pH levels, but rather that the differ 
ences were caused by a shift in the H ion concentration. Average activity 
products produced at the four pH valaes differ significantly That at a pH 
of 8 0 is greatest. Therefore, it may be concluded that the value represents 

TABLE VI 


A Companion of Riconis from Sotntions tstli pIT Vo Inn of 8S 8J) 7 A, and 6J1 


ra ] 

Solution No. 

tO/Cadi 

Amplitude 

ActWty 

Activity Peodoct 



[m ftr liter 

cm 




79 

0 2/0 2 

0 030 

10 3 

0 324 


80 

0 4/0 4 

0 066 

12 1 

0 896 

8 9 

81 

0 2/0 4 

0 032 

19 7 

0 691 

i 82 ! 

0 4/0 6 

. . . 

0 060 

18 9 

1 075 


Mean 


0 047 

15 3 

0 797 


33 


0 071 

17 4 | 

1 286 


34 

fiH! 

0 067 

11 5 

0 835 

B 

37 


0 066 

15 2 1 

1 169 

38 


0 059 

9 8 

0 755 

mm 

Mean 

i 

i 

0 066 

13 5 

i on 


41 

I 0 2/0 2 

0 042 

18 1 

0 656 


42 

I 0 4/0 4 

0 058 

15 4 

0 980 

7 5 

45 

1 0 2/0 4 

0 044 

12 7 

0 725 

40 

| 0 4/0 6 

0 027 

9 8 

0 462 


1 Men 


0 043 

14 0 

0 706 


75 

0 2/0 2 

0 077 

10 8 

0 879 


76 

i 0 4/0 4 

0 066 

9 2 

0 669 

6 8 

77 

0 2/0 4 

0 028 

7 1 

0 245 

1 78 

0 4/0 6 

0 053 

6 3 

0 351 


Mean 


0 056 

8 4 

0 536 


the optimum one, of those tested, for the activity of the erased crop of the 
American roach. 

Crop 814, in solution 82, with an initial pH of 8 9, produced an unusual rec 
Old At the end of 24 hours of activity, its amplitude had dropped almost to 
zero At that time the pH was 8 0 The solution was changed, the pH was 
again 8 9 Instead of showing an inhibitory effect, contractions increased in 
magnitude and the best part of the record was made during the next 15 hours. 
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Altogether , activity had continued over a period of almost 47 hours No ade- 
quate explanation can be offered, but, apparently, the muscle had undergone 
some change whereby the increased alkalinity served as a stimulus for greater 
activity This phenomenon may be allied with the stimulatoiy effect of the 
hydroxyl ion which was noted by Carlson (6, 7) and de Burgh Daly (9) A 
similar but less spectacular result was obtained from crop 820 m the same 
kind of solution 


TABLE VH 

Statistical Analysts for Solutions Tested at pH Values of 89,8 0, 7.5, and 6.8 


Source of variatioa 

Degrees of freedom 

'V w * ''J • • 

1 Sum of squares 

.Me&n sejoare 

Total 

159 

81 

34 


Within subclass (sampling error) 

96 

40 

38 

0 43 

Sex 

1 

2 

00 

2 00* 

pH 

3 

4 

52 

1 51* 

K/Ca 

3 ! 

0 

78 

0 26 

Days 

1 1 

3 

69 

3 69f 

pH and sex 

3 

2 

12 

0 71 

Sex and days 

1 

3 

83 

3 83t 

pH and K/Ca 

9 

7 

46 

0 83 

pH and days 

3 

1 

31 

0 44 

Days and K/Ca 

3 

2 

43 

0 81 

Discrepance (error) 

33 

11 

52 

0 35 


* Significant 
i Highly significant 


The Sex Difference 

In their preliminary study of the motility of the isolated roach foregut, Grif- 
fiths and Tauber (13) stated, “The crops from male roaches produced signifi- 
cantly higher activity products than those from females Food was present 
in the foregut of the females more often than in that of the males ” In ad- 
dition, they observed that the quantity of food contained in the crops did not 
seem to be correlated with the activity of an individual foregut, that is, a large 
amount of food did not depress activity It was suggested that reduced 
activity of crops from female roaches was responsible for reduced motility 
The same correlations were noted m the present investigation 
For solutions with pH values of about 8 0, average activity products of crops 
from males were greater than those from females in 52 of the 74 mixtures 
Thus, in slightly more than 70 per cent of the cases, crops from males produced 
the higher average activity products If, for the same 74 solutions, the average 

of all of the activity products for males and females is determined, it is found 
that the foreguts from males averaged 0 525 and those from females averaged 
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0399 The product for males was almost 25 per cent greater than that for 
females In the two sets of data which were treated statistically, the average 
activity product for crops from males was greater than that for crops from 
females and in one instance the difference was significant. It becomes obvious, 
therefore, that there is some fundamental difference between the two sexes as 
regards the motility of the excised foregut 
During the course of the present experimentation, certain modifications in 
technique were made in the hope that some adequate interpretation of this 
difference could be advanced. To determine whether there was a significant 
sex difference In the quantity of food ingested, groups of five males and five 


TABLE Vffl 

Average Amounts of Pood Contained in the Crops of 445 Roaches 



Utk 

( Fcciilc 


No of ten* 

Aytrire unq«Dt 
food 

No. of t*H* 

mmenrat 

food 

hn 

16 

12 

1 92 

is 

2 07 

17 

30 

1 33 1 

24 

2 25 

18 

35 

0 « 

44 

2 18 

IP 

27 

1 37 

35 

2 00 

20 

32 

0 91 

28 

2 21 

21 

22 

0 64 

33 

1 76 

22 

24 

1 13 

29 

2 38 

23 

20 

IfUlB 

11 

1 36 

24 

20 

0 30 | 

4 

0.25 


• 4.00 represents a full crop and OjOO represents an empty one. 


females were isolated for 3 days and were then allowed access to food for 1 
hour Banana paste, whole wheat bread which had been soaked in water, and 
moistened starch were used as test foods. 50 males and 50 females in groups of 
five were fed on each diet There was no significant difference m the amount of 
food ingested by the two sexes. 

Most roaches used m the gut motility experiments were isolated for 48 hours 
and were then allowed access to moistened starch for several hours The 
starch had been mixed with carmine so that the ingested food could be identified 
m the gut Roaches were usually used for experimentation on the day follow 
mg this feeding When the foregut was removed, the amount of food m the 
crop was recorded. If food was present in only one-fourth of the crop it Was 
recorded as 1, if half of the crop was full, it was listed as 2, if three fourths full, 
as 3, and if completely full, as 4 Data for 445 roach crops are presented fa 
Table VHL This includes information concerning the number of nSrta aad 
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the amount of food which remained m the crops from 16 to 24 hours after feed- 
ing had ceased In only one instance (at 24 hours) was the average amount of 
food contained by the crops greater for males than for females 

Snipes and Tauber (21) reported that for Penplanela atnertcano the average 
egestion tune was 19 6 hours for males and 21 4 hours for females While this 
was not a significant difference, the egestion time discrepancy ma y have been 
related to the motility difference observed m excised crops from the American 
roach Table VUI clearly shows a significant difference in the rate of pro- 
gression of food m crops from males and females, and, consequently in the 
amount of food remaining in the foregut This food progression rate is more 
rapid m the foreguts from the male roaches 

As stated above, there is a significant sex difference in activity products of 
crops from males and females, in the amount of food contained m the crops, 
m the rate of progression of food through the ingluvial region, and m the reac- 
tion to the age of the salt solution However, the amount of food ingested by 
males and females is not significantly different Therefore, it appears that 
variations in motility are produced by inherent activity differences which are 
normally present m the ingluvial region of the American roach That the two 
sexes of the American roach differ m other features has been reported previously 
by Griffiths and Tauber when they found differences m the duration of the 
nymphal period (14), the number of molts (14), and the adult longevity (15) 

SUMMARY AND CONCLUSIONS 

1 Twenty-five solutions which contained KC1 (0 0, 0 2, 0 4, 0 6, and 0 8 
gm per liter), in combination with CaCh (0 0, 0 2, 0 4, 0 6, and 0 8 gm per 
liter), 10 0 gm of NaCl, and 0 2 gm of NaHCOs per liter of solution were 
tested m order to determine satisfactory KCl/CaClj ratios m an msect physio- 
logical salt mixture for tht? maintenance of muscular activity by the isolated 
crop of the American roach 

Satisfactory activity products (0 390 to 0 549) were obtained in seven mix- 
tures with KCl/CaCh ratios of 0 2/0 2, 0 4/0 4, 0 6/0 6, 0,8/0 8, 0 2/0 4, 0 4/ 

0 6, and 0 6/0 8, expressed as gram per liter These ratios lie between 0 50 
and 1 00 , , , 

In solutions which contained] calcium, but no potassium, approximately 
50 per cent of the crops exhibited an initial tone increase and were arrested in 
rigor See Fig 2 

In solutions which contained potassium, but no calcium, all crops showed an 
initial loss of tone and arrest in relaxation See Fig 2 

2 Seven KCl/CaCl. ratios (see paragraph 1 above) were tested with eight 
NaCl concentrations (1,0, 1 2, 1 3, 1 4, 1 5, 1 6, 1 7, and 1 8 per cent) at a pH 
of 8 0 In these mixtures, the ones with KCl/CaCk ratios of less than 1 0 
produced higher activity products than those with ratios equal to 1 00 The 
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highest average activity product (0 849) was obtained m the solutions with 0.2 
gm of K.C1 and 0 4 gm of CaCh per liter 

3 Four KCl/CaCh ratios (0.2/0 2, 0 4/0 4, 0.2/0 4, and 0 4/0 6 gm 
per liter) were tested with 1 4, 1.5, and 1 6 per cent NaCl at a pH of 7.5 When 
analyzed with data from comparable solutions at a pH of 8 0, it was found that 
1 4 per cent NaCl afforded on optimum environment for isolated crop activity 

4 Effects of hydrogen and hydroxyl ion concentrations were studied at pH 
values of 6-8, 7.5, 8 0, and 8 9 The highest average activity product, 1 011, 
was produced at a pH of about 8 0 

5 A satisfactory physiological salt solution for the isolated foregut of the 
Amen can roach, Pm plan da ammcana , would contain 14 0 gm. of NaCl, 0 4 
gm. of CaQi, 0.2 gm of KC1, and 0 2 gm. of NaHCOa per Liter of solution 
This mixture should have a pH value between 7.8 and 8 2 

6 Durations of crop activity extending over period* as long as 25 hours 
were quite common, and several crops maintained contractions for more than 
30 hours. The greatest longevity was for crop 814, from a female, which con 
tinued activity for slightly more than 47 hours. 

7 A significant difference between the activity products of the crops from 
males and the crops from females was recorded Although there was not a 
significant difference m the amount of food ingested by males and females, 
12 hours after feeding there was more food in the females’ crops, and the food 
progressed more rapidly through the males’ crops than through the females' 
In addition, crops from the two sexes reacted differently to the effects of day 
old solutions This Bex difference is apparently related to an inherently in- 
creased activity of the crop from the male roach 
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introduction 

The study of systems composed of an enzyme and reversible inhibitor has 
contributed greatly to our knowledge of enzyme kinetics Such syste m s are 
of importance in the field of pharmacology, since a number of drugs act by 
inhib i tin g known enzyme systems, while many of those whose hiochemical 
mode of action is still unknown may operate in similar fashion. 

The classical treatment of the kinetics of enzyme reactions has been based 
upon the assumption of a very small concentration of enzyme centers acting 
according to the laws governing first order reactions (pseudomonomolecular) 
In this paper we shall show that under a number of common conditions such 
treatment cannot adequately describe the behavior of the system but that a 
more complete analysis must be employed- Enzyme inhibitor and enzyme- 
substrate systems will be shown to behave m three distinct ways depending 
upon the concentrations of the reactants and the dissociation constant of the 
system. The boundaries of these three ' rones of behavior” wfll be established 
on a kinetic basis applicable to ah such systems, and the qualitative and quan 
titative differences in behavior will be demonstrated 

An important practical consequence of the theory of zone behavior concerns 
the effect of diluting a mature of enzyme and inhibitor (or substrate) It is 
common practice to remove serum from an animal which has received some 
drug, and then, after appropriate dilution, to determine in vUro the degree 
of inhibition produced m some serum enzyme. It is then assumed that the 
observed degree of inhibition obtained in this manner is representative of the 
state of the enzyme in the animal’s circulating serum before removal. It will 
be shown, however, that dilution is a crucial operation which significantly 
affects the subsequent experimental observations, and that a conversion equa 
tion (or conversion curves) must be used if the usual expenmental data are to 
be applied to the situation existing in 

‘ Dus work has been supported by grants from the EBa Sachs Plots Foundation 
and the William W Wellington Memorial Research Fund- 
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The general methods presented m the first part of this paper will then be 
applied m an illustrative fashion to the system cholmesterase-physostigmine, 
which will be shown both qualitatively and quantitatively to exhibit the pre- 
dicted behavior on dilution 

In the final section we shall discuss (a) the evolution of the concept of zone 
behavior, ( b ) further conclusions of biological importance, (e) an alternative 
definition of the zone boundaries, (d) extension of the analysis to more complex 
systems, and (e) certain significant limitations on the analysis here presented 

THEORETICAL 

Derivation of the General Equation 

In studying any enzyme from a kinetic standpoint, the observed data are 
necessarily based upon (a) the concentration of a substance, X, that combines 
with the enzyme, E, to form a complex, EX, and (b) the rate of reaction at 
which breakdown products, Sp, are formed from EX with the liberation of E 
The substance, X, may be either a substrate or an inhibitor, depending on the 
behavior of the complex, EX, and it is necessary to define precisely what is 
meant by these terms 

Let us consider the combination of enzyme E with a single molecule of X 
to form a complex EX 

*1 1 k, 

E + X qzrrt EX *• E + sp, (reaction A) 

h 

where ki, fa, and fa are velocity constants, and Sp represents the split products 
of EX breakdown In this reaction we call X a substrate if the complex EX 
breaks down to form Sp at a rate that is not negligible for the purposes under 
consideration If, on the other hand, the breakdown of EX is negligible 
{fa <*C ki), we call X a reversible inhibitor 

It is evident from this that the difference between a substrate and a re- 
versible inhibitor is determined only by the relation of the velocity constants 
m reaction A It also follows that all reversible inhibitors whose action is 
upon the same enzyme centers as normally would combine with substrate 
molecules are necessarily competitive inhibitors The degree of competition 
will naturally vary, but whether it be considerable (as when one substrate 
“inhibits” the breakdown of another) or very slight (as when a potent drug 
combines with a substantial number of enzyme centers), there is no basic 
difference m the kinetic mode of action For purposes of simplicity, however, 
this paper will limit itself to the case where competition is negligible or truly 
absent (see Discussion, p 583) 

Let E, I, S, El, and ES now represent the total molar concentrations of 
enzyme centers, inhibitor, substrate, and their complexes respectively Then, 
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if v is the observed velocity of substrate breakdown, it is true under all circum- 
stances that 

t - ii(ES) 

The concentration of complex, ES, cannot be measured directly If, however, 
a large excess of substrate is added, m accordance with the principle of mass 
action, virtually all the enzyme will combine with it to form the complex, 
ES, so that ES * E, and the enzyme remaining free, E — ES * 0 Under 
these circumstances, further m crease in 5 can produce no increase m ES, and 
so no m crease in r, then 

k t E 

If an inhibitor be present, a fraction of the total enzyme will combine with it 
to form the inactive complex, El, and the amount of enzyme left free to com- 
bine with an excess of substrate will be {E — El) -= ES ( Substituting this 
value of ES, , 

* - *,(£ - m 

and then dividing one equation by the other, 

» _ *>(£- g) _ j _ 


If we now let t represent the fraction of the total enzyme that is combined 
with inhibitor, 


i m 


EJ 

E 


then from the above, 



(1) 


The fractional inhibition, t, of an enzyme can therefore readily be found, 
since both v and are measurable quantities, t will vary between the limits 
0 and 1 as v vanes from i w. to 0 

The reaction bet w e en enzyme and inhibitor (reaction A) becomes entirely 
equivalent to 


ki 

E + I 


i. 


(reaction B) 


since breakdown of the combined form is negligible. If the law of mass action is 
followed, then at equilibrium, 


CE - £ 0(1 - ET) __ i» 


K 
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vs, here A" is the dissociation constant of the complex Substituting the value 
El = iE (since t s EI/E), and simplifying, 

r 

1 = + tE (2 b) 

This equation states that the total molar concentration of inhibitor (/) is 
equal to the sum of two parts One of these, tE, will be recognized as equiva- 
lent to El, the molar concentration of combined inhibitor It follows that the 

other part, — — , must represent the molar concentration of free inhibitor 

Equation 2 B then says simply that total inhibitor equals free plus combined 
forms 

Now it will be obvious that if the enzyme concentration 1 is very small prac- 
tically all the inhibitor is present in the free form On the other hand, if 
enzyme concentration is very great, nearly all the inhibitor will be in the com- 
bined form (except at extreme values of i) It should thus be possible to 
introduce working simplifications of the equations by neglecting combined 
inhibitor, on the one hand, 

Kt 

I ~ (2 A) 

1 — t 

or free inhibitor, on the other, 

/ « tE (20 

for each of the two cases considered However, it is clear from inspection of 
the equation that these simplifications cannot really be justified on the basis 
of the actual magnitude of the enzyme concentration E, but rather by its 
magnitude relative to K 

The dissociation constant K here has the dimensions of concentration and 
is usually expressed in molar units It is a constant for any given enzyme- 
substrate or enzyme-inhibitor system, provided only that all the physical 
conditions not mentioned in the equation, such as temperature, pH, choice of 
reactants, and so on, are held constant Conversely, K may vary continu- 
ously if temperature or pH changes, or discontmuously if one enzyme, sub- 
strate, or inhibitor is substituted for another 

The use of simplified forms of the equation describing the kinetic behavior 
of all enzyme-inhibitor systems of the general type under consideration has 
just been shown to depend upon the ratio E/K, and not upon absolute con- 
centrations of enzyme or inhibitor If we therefore express E and 7, not in 
molar concentrations, but using K as our unit for whatever system we deal 

1 £ is the total molar concentration of enzyme centers, irrespective of the number 
of centers that may be earned by a single protein molecule. 
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with, we will thereby generalize out discu_*ion to ap?K »««» e=avm«nh3.t0' 

*K term EJK we shell oil the "speohe concentration” o' ^rvne ~i 
designate as £° Similarly, f/K * the '‘speeshe concentration of ah.ji.or, 
designated bj T 

Dividing equation 2Bb) A and substituting, we now have 


I - 4-fF 


0 53 


For the case where specific concentration o' enzyme (£”) o *maH, and jra”- 
tiddly all the inhibitor b Iree, this becomes 


r 



OX) 


It is evident that in this case the inhibition ts a Junction o' spwnfic concentre 
tion of inhibitor alone, and independent of enzym* concentration. 

For the case where E is large and practical!;, all the chi, to* rs a vmbmed, 
the equation becomes 

r-iE oc, 


Here the inhibition is a function of specific conoentra^oa o' mhlyito' arid ee. 
ayme, beuig equal to the ratio /'/£' 

We now see that equation 3 in its three ferras descrim the behavio* of til 
enzyme inhibitor systems acting acco-do-g to reaction B Fur there 
since nothing has been added which is not implicit a ti" east a rtscr law, r jj 
equally valid for any system — chemical, phyi cal, c r Wogrral — when* two 
reactants combine reversibl) m a manner d*scr2yd by this law 


7ora oj Enzjtr. r Btkczvrr 


The three forms of equation 3 represent three d_ -met acr.ee of eeayet* be- 
havior, hereafter designated A, B, 2 nd C, after th» equations why* define tie— 
It will be necessary no" to determine rr:';'c exactly the bv odaroes of time 
three sones of behavior How "large ’ tr fco-r "tmaB' must fi'lcn o-d" jfcjj 
equation 3 .f or3C instead of the fuB f o-m 3 }l ml v |y e ic - 1 c , d"crZ y f er.s .vc 
adequately? The answer will depend upon how large t - CT ,y r f f, r r 
penmentally measured term? we are willing to accept, JUnrgdemrM tyw 
the maximum acceptable error (hi), we can then dtarm-y where try r/ry 
boundanes must he m order that this error shall re-.'er ly emceerled I* text-/ 


tot = ° _ zu>yrz.vf bmry ,eu£>/g// 

by changing the system of units employed. 

.■-IS * 11 " 1 V ' Ua>X nthi * Si* Ccuur cw r-uafyn Try 

speofic omcentratwn” is tor/ed at by anal/jy t, tyofio grarhy fpy Z ,i 
density relative to that «i water, tzieri arb trar2y as tu <yy 
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be evident that the more rigid we are m fixing At, the larger will be the zone 
in which the full equation 3 B must be used 
Fig 1 shows the zone boundaries for three arbitrary values of At Strictly 
interpreted, zone B lies between the pairs of boundary curves for any given At, 
and the zone boundaries are seen to vary with the fractional inhibition t For 
working purposes, it is necessary to eliminate this variation with i and decide 



Fig 1 Zone boundaries Ordinate, fractional inhibition , i Abscissa, login of 
the specific enzyme concentration ( E ') Each pair of curves shows the exact 
boundary of zone B for a given value of At To the left of the region enclosed by each 
pair lies zone A, to the nght, zone C Straight vertical lines are approximate zone 
boundanes, when At = 0 01, neglecting the effect of variation of t on the boundary 
value of E' 

upon two boundary values of E' which will give the best approximation In 
the case illustrated, At = 0 01 was selected, and approximate boundary values 
are shown to be E' = 0 1 to the left and E' = 100 to the right 

The mathematical derivation of the boundary curves plotted on Fig 1 is as follows 
At the boundary AB, F in equation 3 A plus the error caused by the increment At 
must equal /' m equation 3 B 
Thus, 

t + At t 


1 - (t + At) 1 - t 


-f-t£' 


X OF UNINHIB1TE0 ENZYME ACTIVITY 
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or 


E ~7(i --Ai-Wl-i) 

At boundary BC, V in equation 3 C plus the error caused by the increment Aj must 
equal V in equation 3 B, so that 

U + cS)E - + IE 

and 


E •* — ~~~ at boundary BC 

Most Enzyme Systems Operate m Zone A — Moat of the general treatments of 
enzyme kinetics have hitherto been based on the assumption that the con 
centration of enzyme centers ia constant and so small compared with the con 
centra tion of any substance with which it may comb me that it may be 
neglected. This is the situation to which equation 3 A has been shown to 
apply Michaelis and Menten (1), Haldane (2), Lineweaver and Burk (3), 
and others have all based their algebraic and graphic treatment upon this as- 
sumption and consequently have limited their discussions to zone A. Like- 
wise the familiar Michaelis law applies only within this zone. 4 

Their failure to extend their fertile methods to zones B and C 13 due to the 
fact that most enzymes are studied in very dilute solution There are several 
reasons for this. First, enzymes arc considered to be protein molecules carry 
ing only one or very few active centers per molecule, so that the factor of solu 
bUity precludes high molar concentrations of enzyme centers Second, even 
if the enzyme can be concentrated to some degree, it is seldom technically 
convenient to measure the very high reaction velocities that occur in concen 
trated solution under optimal conditions. A survey of any list of dissociation 
constants such as that given by Haldane (2)/ will show that m the great ma 
jonty of instances K is greater than 10*" 4 molar, with E , the concentration of 
enzyme, limited by the considerations just mentioned, E/K or Ef will be less 
than 0 1, so that the systems he in zone A. 

Systems t n Zones B and C — 

1 When K is small Since Ef, which determines the zone of an enzyme 
system, is defined as E/K, it is clear that if K is small enough E7 may be be- 
tween 0 1 and 100, bo that the system is in zone B, or may be greater than 100, 

4 The Michaelis law state* that the concentration of inhibitor required for half 
inhibition is equal to the dissociation constant K that is to say, I *■ K or I/K •» 1, 
and /' - 1 when j - 0 5 This la true only in equation 3 A 

• Haldane, J B S. Enzymes, London Longmans, Green &. Co 1930, 35 
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so that it is in zone C A few enzyme-substrate complexes, such as peroxidases 
and “oxygenases,” have dissociation constants of the order of KT 6 to 1(T 7 , so 
that E' might be greater than 0 1 Furthermore, a significant number of 
enzyme-inhibitor systems, exemplified by cholinesterase and physostigmine, 
have dissociation constants as small as or smaller than this These may be 
expected to show zone B or C behavior tn vitro For a single enzyme studied 
at a single concentration, K will m general be different for the various sub- 
stances that form complexes with it, and E' will vary inversely as K Then 
for any two substances whose dissociation constants differ with respect to a 
single enzyme, it is possible that E’ may in one case be less than 0 1, and m 
the other case greater than 0 1 The system will then be in zone A with respect 
to the first substance and m zone B or C with respect to the second 

2 When E is large There is at least one situation where an enzyme may 
exist in relatively high concentration and yet not yield a reaction velocity that 
is technically unmanageable Let us consider tissue slices or intact cells such 
as can be handled in the Warburg apparatus These will be supposed to give 
conveniently measurable reaction velocities and to have been so handled that 
the enzyme distribution m the tissue has not been disturbed There has ac- 
cumulated much evidence that some enzymes, such as cholinesterase, are con- 
fined to a small fraction of the total number of cells, or are even confined to 
localized regions of a smgle cell At these points of localization the molar con- 
centration of enzyme centers may be very much higher than that indicated by 
a consideration of the total tissue or fluid volume mvolved So long as the 
rate of the reaction measured is not limited by diffusion, the kinetic behavior 
might indicate that the system la)'- in zone B or C, even though the same total 
amount of enzyme would lie in zone A if it were dissolved throughout the 
total volume of the reaction mixture If the differences of behavior exhibited 
by enzymes m the three zones could be experimentally detected, a means would 
be provided for estimating directly the enzyme concentration m the intact 
cell Such differences of behavior will be pointed out below, together with 
certain practical tests for estimating specific enzyme concentrations 

Graphical Representation of the General Equation (3 B) 

Description of Plot — The usual representation of the action of a drug upon 
its receptor in vivo or in vitro is the plot of effect as ordinate against the loga- 
rithm of the concentration of the drug as abscissa Equation 3 B is plotted 
in this way m Fig 2, which shows the relation between the fractional inhibi- 
tion i and the logarithm of the specific concentration of inhibitor I' Each 
curve represents this function at a smgle value of the specific concentration of 
enzyme E’, these values being chosen arbitrarily for convenient spacing of 
curves It will be observed that the curves representing successively lower 
specific concentrations of enzyme are asymptotic to a limiting curve that is 
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nearly reached when E r falls to 0 1 In the direction of increasing enzyme 
concentration the curves become steeper and parallel, the points of Inflection 
occurring progressively nearer to the region where t -= 1 0 
Tins figure provides a graphic example of the variations in behavior in each 
of the three zones, as previously discussed in connection with equation 3 
Zone A is represented by the limiting curve E S 0 1, this curve representing 
all values of E more dilute than 01 It follows from this curve that frac 
tional inhibition depends only upon /' and is independent of E within this 
zone. This plot also shows that I «=■ K (I/K = 1 =» /', log /' =■ 0) when 
t «= 0.5, as postulated by Michaelis, only m this zone. 



Fig 2. Fractional inhibition, i as a function of the logi* of the specific concentra 
tion of inhibitor I' at various specific enzyme concentrations, E 


Zone C is represented by the region to the right of the curve E r » 100 In 
this zone, the curves not only become parallel, but assume the shape of a simple 
logarithmic function. Furthermore, any two curves are separated by a dis- 
tance which, measured off on. the I ' axis, is equal to the factor by which & 
is cbnng wi between the two curves {t g the horizontal distance from the curve 
& « 100 to & «= 1000 is just 1 log unit on the /' axis) As a consequence, 
the fractional inhibition (t) for a given E r is directly proportional to the I' cm 
ployed, and the inhibition (*) is equal to the ratio of inhibitor to enzyme 
(I'/E or I/E) In the solution. 

Zone B is, of course, represented by the area between the curves £' 2a 0 1 
and E ■=> 100, and here inhibition is a function of both I' and E as stated 
by equation 3J3 

Slope di/d log I' —The slopes of the curves of Fig 2 are of interest because 
they provide a useful criterion for determining whether a system follows mass 
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law requirements, and also for roughly estimating the specific e nay me con- 
centration 

If we consider the slope at t = 0 5, it will be evident from the form of the 
curves that this will be a minimum when E’ =*01, and a maximum when 
E' 2: 100 (since the curves have attained their maximum steepness at this 
latter pomt) These limiting slopes are actually found to be 0 575 and 1 151 6 
Since these curves apply very generally to all systems of the type represented 
by reaction B, it follows that any such system m whatever zone must yield 
slopes within these limiting slopes at i = 0 5 Conversely, failure to fall 
withm these limits is a result of only two possibilities systematic or random 
experimental error is present, or the reaction does not follow this type of equilib- 
rium equation 

If the slope falls withm these limits, assuming that the reaction does follow 
this type of equilibrium equation, substitution of the experimentally determined 
slope m equation 4 (setting 7 = 05) will yield a preliminary value for E' and 
hence an indication of the zone in which the system lies Because a small 
change m slope corresponds to a large change m E', the slope is of more use as 
an exclusion test than for precise evaluation of E' 

The reader may have noticed the agreement between the limiting slope 
0 575 in zone A and Van Slyhe’s (4) maximum molar buffering capacity, Pm, of 
any monovalent buffer This is not a coincidence but rather a reflection of 
the fact that, like equations 2 and 3, the Henderson-Hasselbalch equation is 
derived directly from the mass action law 7 

Effect of Dilution 

We will now consider the effect of diluting an enzyme solution (e g , serum) 
containing a reversible inhibitor It has long been realized that dilution of a 

e Tbe numerical values for slope are obtained by differentiating equation 3 B 
with respect to log /' and evaluating the limits when E' — 0 and E’ — oo 
Thus 

7 Written in arithmetic form, the Henderson-Hasselbalch equation becomes B + = 

— Smce a (defined as the ratio of free to total electrolyte) is equal to 1 — t> 

a 

we may write H + = KifiX - *), that is to say, free hydrogen ion equals Ki/( 1 - ») 
This will be recognized as entirely analogous to the statement free inhibitor equals 
fcx — i) (p 562) These equalities are true for all zones, but since the curves of 
Fig 2 are plotted against total I, they will depict the above functions only where total I 
is equivalent to free I, namely, in the limiting zone A curve, where E' ^ 0 1 This 
single curve, then, represents the Henderson-Hasselbalch equation, and it is quite 
natural that its slope, 0 575, at t =0 5, should be identical with the maximum buffer- 
ing capacity, Pu 
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reversibly associated complex should lead to dissociation. With electrolytes, 
foT example, and -with antigen-antibody complexes, the phenomenon is a 
familiar one Hussey and Northrop (5), working with trypsin and the whibi 
tory substance contained in plasma, observed that dilution resulted in dis- 
sociation and used this as evidence for the formation of a reversible com 
plex acting m accordance with the mass action law However, no work has 
come to our attention putting the dilution effect itself on a sound quantita 
tive basis. 

In diluting an enzyme inhibitor mixture the specific enzyme concentration 
Ef will always be changed to exactly the same degree as the specific inhibitor 
concentration m other words, the ratio V (Ef (or IfE) will be maintained 
constant. Thus, to represent dilution of such a mixture on Fig 2 we travel 
from the original Ef curve to the more dilute Ef curve, but we must at the same 
time move a corresponding distance along the V axis. 

We will begin by considering the effect of dilution within zone C, where 
E! ^ 100 For example, to dilute from Ef ■= 1000 to Ef » 100, 1' is neces- 
sarily also diluted 10 times, so that from a selected point on the curve Ef » 1000 
we move to the left 1 log unit measured along the V axis. It will be seen that 
havmg moved this distance horizontally to the left, we find ourselves on the 
curve Ef *= 100 without having to move up or down, so that the inhibition t 
remains unchanged The concrete meaning of this u that within zone C dilution 
has no effect whatever upon the fractional inhibition i 

To represent dilution in the region where Ef 25 0 1, we carrv out the same 
steps as above, but the results are found to be quite different For example, 
if we dilute 10 tunes in this region ( e.g Ef » 0 1 to Ef ■= 0 01) we must again 
move 1 log unit to the left on the /' axis (since V is also diluted 10 times) 
However, the curve for Ef «=» 0 01 is practically identical with that for Ef ^ 

0 1, so that we must finally find ourselves on the same Ef curve from which we 
began This necessarily involves traveling up the curve and thereby ending 
with a smaller frac ti onal inhibition i than we started with Since all values of 
Ef smaller than 0 1 are represented by the same curve, it is characteristic of 
dilution in zone A (hat the chanie produced m i is not influenced by initial or 
final specific enzyme concentrations , but only by the factor of dilution 

If we carry out the same steps in zone B we find that our travel to the left 
on the I' pT iq always carries us beyond the proper Ef curve, so that we are 
forced, as in zone A, to travel up the curve and thereby change the value of i 
In zone B, therefore, the fractional inhibition does change with dilution but the 
amount of change depends not only upon the factor of dilution , but also upon the 
initial and final Ef 

We have shown that in zones A and B dilution of an enzyme-inhibitor mix 
ture results m dissociation so that the measurable inhibition t is decreased, 
and that in zone C this does not occur We have also pointed out that many 
enzyme systems operate In zone B and that others which may opera tftn zone^ 
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C m vivo are brought into zone B or even into zone A by dilution for experi- 
mental purposes Therefore, smce so many known enzyme-inhibitor syst ems 
are subject to the dilution effect, it will be necessary to place this effect upon a 
quantitative basis so that appropriate corrections may be made 

It would be a mistake to think that the errors arising from neglect of the 
dilution effect are small As a matter of fact, they are so enormous as to 
invalidate conclusions based upon the application of experimental values of t 
at various dilutions to undiluted serum or other body fluids It is also prob- 
able that often observed discrepapcies between experimentally determined 
values of t and concomitant physiological responses may now be reconciled 
when the corrections for dilution are applied 

Practical Tests 

The magnitude of the dilution effect will be considered m a quantitative way 
below We wish first to point out some useful tests based upon the zone 
behavior outlined above 

1 Test for Presence of Inhibitor — If no inhibitor is present, there is no 
inhibition, regardless of dilution, and the enzyme always works at its maximum 
velocity This is shown in Fig 2 by the fact that as I' approaches zero, i 
becomes zero for all the values of E' This may seem rather obvious, but it is 
no less important, for failure to show direct proportionality between reaction 
velocity and enzyme concentration (provided that diffusion is not a significant 
factor) is strong evidence for the presence of a reversible inhibitor Thus, m 
zones A and B, if such an inhibitor is present, the reaction velocity after dilu- 
tion will be greater than direct proportionality would allow 

Z Rough Test for Zone Behavior — It has previously been mentioned that 
the slope of the experimentally determined inhibition curve at i — 0 5 yields 
a rough indication of the value of E' and hence of the zone (see p 568) 

3 Test for Zone A Behavior — It will be recalled from Fig 2 that for E' S 
0 1, % is determined solely by I' Thus, if, and only if, a given total concen- 
tration of inhibitor produces the same inhibition at two different concentrations 
of enzyme, the system must be in zone A, at both enzyme concentrations 

4 Test for Zone C Behavior — It was shown above that only m zone C is the 
dilution effect absent Thus, if, and only if, dilution of any mixture of enzyme 
and inhibitor produces no change m inhibition, the system must be in zone C 

Algebraic Representation of the Dilution Effect 

The magnitude of the dilution effect for any values of E' and for any 
initial inhibition (t), and for any factor of dilution, may best be determined 
algebraically Although the graphical method given above is useful for visu- 
alizing what is going on, it does not afford the accuracy of an algebraic 
treatment 
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Let equation 35 be rewritten in the form 


r 




+ *t& 


(5) 


where ti is the observed fractional inhibition, and 

E Is the concentration of enzyme in the reaction mixture where the observa 
tion is made. 

Let W be a factor by which both V and E must be mulbplied in order to reach the 
concentration at which the new inhibition, Sj, is to be calculated Thus N > 1 in 
.going, for example, from diluted serum with an observed inhibition of n to undiluted 
serum with an inhibition of Conversely N <: 1 when it is desired to calculate the 
inhibition, tj, in a system more dilute than the reaction mixture on which the deter 
mlnation is made. When the reactants are at N times their initial concentration, 
equation 35 becomes 

NV - + 

I — t. 


Dividing by N 




( 6 ) 


eliminating V by combining equations 5 and 6, 


ff t - i, l - H 


Solving for *>, 

- i/[s fCft + '■ + IS + 1 J " 4 1? 5 + '']} 

and simplifying* the term under the radical, 

+ (7fl) 


•Let 


Then 


[>rV 4 ]- x W\- T 

(x + r + ii*-«-pc + r-if + «r 
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Equation IB is a general solution for the inhibition at a new dilution when 
the original E , the original inhibition (i;), and the dilution factor are known 
Because it involves the difference of two terms of the same magnitude, calcula- 
tion from this equation must be accurate to three decimal places, but other- 
wise the equation is not especially cumbersome 


It is of some interest to examine the limiting cases in this equation. It will be 
evident that when i t = 0, t, = 0 When E' = oo , „ =, tl (7Q Both these results 
have been previously derived m this paper 

When E’ = 0, evaluation of the equation becomes very difficult because the terms 
containing E' become infinite However, the same steps used to derive equation 7 B 
from equation 3B can be applied to equation 3 A, which describes the zone where 
£'i0 It is then found that 


Nti 

1 - h + Nu 


(7 A) 


This equation is valid for all systems within zone A and may be applied in place of the 
more complex equation 7 B 


Plot of Dilution Effect 

A practical way of visualizing the dilution effect quantitatively is presented 
m Fig 3 This figure is simply a plot based upon equation IB, a value of 
E' bemg used which corresponds with our experimentally determined specific 
concentration of horse serum cholinesterase (see p 578) This particular 
system was found to operate m zone B, E' bemg equal to 3 29 m undiluted 
serum Arbitrarily selecting a number of values of inhibition in 22 2 per cent 
serum, corresponding values of is were calculated for each of several dilutions 
The 22 2 per cent serum inhibitions were then represented as a straight line 
with slope = 1, and the various corresponding values of i» plotted accordmgly 
as abscissae 

To use this graph for dilution or concentration one simply travels to nght 
or left on a horizontal line The values of inhibition are read off directly from 
the abscissa Thus, for example, an inhibition i = 0 8 in serum becomes 0 5 
at 22 2 per cent, 0 2 at 4 54 per cent, and 0 05 at 1 0 per cent In this example 
the absurdity of concluding from a determination mlO per cent serum that 
the undiluted serum was practically uninhibited needs no further emphasis 

It is perhaps best to think of the dilution effect m terms of the distortion of 
ranges of inhibition To take the most extreme example, reference to Fig 3 
will show that the entire range from 0 1 to 0 9 m actual serum is represented 
at 1 0 per cent by the experimentally determined range 0 01 to 0 1 On the 
other hand, the whole experimental range 0 1 to 1 0 at this dilution is seen to 
represent the very small range 0 9 to 1 0 m actual serum Similar but less 
serious distortions are observed at higher experimental concentrations 
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These considerations male it plain that methods involving considerable dilu 
turn are less useful the greater the factor of dilution In the crumple cited, for 
observed values of » between 0 01 and 0 1 erpenmental errors are magnified 

* OFWJCMHTED ENZY1* ACTIVITY 



Fio 3 Absassa, fractional inhibitions i at various concentrations Ordinate, 
left, corresponding inhibitions in 22*2 per cent serum 

Ordinate, right, ratios of total inhibitor to total enzyme concentrations. This 
ratio remains constant with dilution of any particular enzyme-inhibitor mixture, 

tenfold when the appropriate conversion to serum inhibition Is performed. 
At the same time, because observed values of t between 0 1 and 1 0 represent 
so small and comparatively unimportant a range of actual serum inhibitions, 
the major part of the method’s usefulness is wasted 
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The chief theoretical considerations and practical tests implicit m the concept 
of zone behavior of enzyme systems are summarized m Table I 


TABLE I 


Zone A 

ZoneB 

Zone C 

Remarks 

•E'<0 1 

0 1 < E‘ < 100 

E’ > 100 

Values given are ap- 
proidmatlons where At 
" 0 01 For exact 

boundaries as a func- 
tion of », see Fig 1 

(2 A)\ 

Total «* free 

I' - ~ t (3A) 

1 

I m R “ ^ -j- 1 E (2B) 

Total = free -f- bound 

(3B) 

I - tE (2C) 

Total — bound 

7' - «£' (3C) 

E does not enter equa- 
tions for rone A, nor R 
in those for zone C 
In rone C, inhibitor 
combines quantita- 

tively with enryme 
true for all values of t 
reasonably below 1 0 

» produced by a given I' is 
Independent of E' 

t is dependent on both I’ 
and £' 

i is dependent on both 7' 
and E’ I' required to 
produce a given * is 
directly proportional 
to E' 

Can be used as criteria 
for rones A and C 

Because E does not appear 
in equations, no definite 
value can be assigned to 
it by any method Involv- 
ing measurement only of 
reaction velocities and of 
l K can be evaluated, 
£' cannot 

Both E and K appear and 
can be assigned definite 
values, so can E‘ 

Because K does not ap- 
pear in equations, it 
cannot be evaluated by 
any method involving 
only reaction velocities 
and I E can be evalu- 
ated, E’ cannot 

The use of the terms 7' 
nnd E’ in equation 3 C 
docs not permit evalua- 
tion of R, since K can 
' cels out of both sides of 
the equation 

Michaehs equation applies 

Michaehs equation does 
not apply 

JEchnells equation does 
not apply 

Error in the determina- 
tion of R by measuring 
the concentration of 7 
when * <=* 0.50 rapidly 
becomes great when E' 
exceeds 0 1 

d » 

. . T/ — 0,575, when t ■=» 
d log r 

0.50 for all values of t 

d t 

0.575 < , . .,<1151, 

dlog7' 

when t = 0-50 for all 
values of t 

d » 

= 1 151, when i ■=■ 

d log 7' 

0 50 for all values of » 

Can be used as criteria for 
rones nnd for rough 
evaluation of E’ In 
rone B 

Dilution effect present and 
independent of £' 

‘ (7 A) 

1 — 1 1 + MU 

Dilution effect present and 
vanes with E’ 

ti — /(A, E', and A) see 
equation 7 B 

Dilution effect absent » 
does not change on 
dilution 

*i *» *i (7C) 

Can be used as a criterion 
of rone C 


EXPERIMENTAL 

To test the validity of any hypothesis it is sufficient to test any one function 
that includes all the assumptions implicit m the original hypothesis The 
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dilution equation provides such a test, and will be shown to describe the be- 
havior of mixtures of physostigmme and cholinesterase with satisfactory ac- 
curacy over a wide range of enzyme concentration. 


Dfierrmnalwn of E' 

(a) Method — Determinations of the cholinesterase activity of unpunfied 
horse and dog serum for the calculation of the dissociation constant of the 
enzyme i nhib itor complex and the molar concentration of enzyme centers 
were done by the method of Friend and Krayer (6) The finnl reaction mix 
ture contains 22 2 per cent serum and 2 7 per cent (0 12 molar) acetylcholine 
bromide in bicarbonate Ringer solution at pH 7 4 and 38° C equilibrated con 
tmuously with vigorous mechanical stirring against a 5 per cent carbon dioxide 
* — 95 per cent nitrogen gas mixture An equimolecular amount of carbon 
dioxide is displaced by the production of acetic acid from acetylcholine during 
its hydrolysis by the enzyme. Exactly 1 00 cc. of serum is added to 3 0 cc 
of bicarbonate Ringer and equilibrated for 15 minutes after 0_50 cc. of 24 
per cent acetylcholine bromide m Ringer solution is added and equilibration 
continued for 3 minutes more, a 1 cc. aliquot is removed, and another aliquot 
is removed exactly 20 minutes later The difference m the carbon dioxide con 
tent per liter of the two samples done by the Van Slyke manometnc method 
equals the millimoles of acetylcholine hydrolyzed per liter of reaction mixture 
per 20 minutes. 

Expressed in terms of millimoles of acetylcholine hydrolyzed per liter of 100 
per cent serum per hour the average titer of horse serum by this method was 
200 mii/liter/hr n with a range of 160 to 240 in samples from different animals 
The average value for dog serum was 120 mn/Iiter/hr , with a range of 70 
to 160 In the work with horse serum described below, a pooled batch of 
sterile serum with a titer of 202 mu/U ter/hr was used. This value was found 
to remain constant for a number of weeks even in serum held at 38°C without 
sterile precautions 

Measurement of the fractional inhibition produced by a known concentra 
tion of physostigmme salicylate was earned out by dissolving a known amount 
of drug in the 3 00 cc. of bicarbonate Ringer solution used to dilute the serum 
before equilibration The inhibitor was thus m contact with the enzyme 
for 18 minutes before the start of the 20 mmute penod of measurement This 
order of addmg the reactants is important inasmuch as consistently smaller 
values of i are obtained if the inhibitor is added after the substrate. (See 


discussion on competition, p 583 ) 

(6) Results —Experimental points for the fractional inhibition produced in 
22 2 per cent horse serum by various molar concentrations of physostigmme 
m the reaction mixture are plotted in Fig 4 These define the whole curve 
of inhibition, t, versus the logarithm of the molar concentration of inhibitor, I, 
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Fig 4 Fractional inhibition of horse serum cholinesterase as a function of physo- 
stigmine salicylate concentration Enzyme concentration in reaction mixture, 
E = 2 7 X 10~ 8 molar, and E' *= 0 73 (see Fig 5) This is a specific example of the 
generalized curves depicted m Fig 2 


A 

B 

C 

D 



E 

l 

Observed I X 10’ 
(molar) 

logic I (molar) 

i/t x io» 

1/(1 - 0 

mmmm 

*0 15 

-8 82 

5 0 

1 03 


0 32 

-8 50 

6 4 

1 05 

*0 09 

*0 62 

-8 21 

6 9 

1 10 

*0 16 

*1 23 

| -7 91 

7 7 

1 19 

0 20 

1 59 

-7 80 

7 9 

1 25 

*0 30 

! *2 45 

I -7 61 

8 2 

1 43 

0 40 

3 63 

-7 44 

9 1 

1 66 

0 so 

5 12 

-7 29 

10 2 

2 00 

*0 56 

*6 03 

-7 22 

10 8 

2 28 

0 60 

7 25 

-7 14 

12 1 

2 50 

0 70 

10 0 

-7 00 

14 3 

i 3 33 

*0 75 

*12 2 

-6 92 

16 3 

4 00 

0 80 

17 0 

-6 77 

21 2 

5 00 

*0 89 

*36 3 

-6 44 

40 7 

9 10 

*0 97 

*490 

-5 31 

505 

33 3 


* Indicates observed values, other values of t and 7 interpolated from plot of observed 


values of i and I (Fig 4) 

within very close limits, and the values are typical of other runs The observed 
values and additional points interpolated graphically from Fig 4 are tabulated 
in columns A, B, and C of Table II 
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From the values of log / where t = 0.3 and 0 7, the slope difd log I, in this 
segment is found to equal 0.66 Since this value lies between the limits 0.575 
ondl 151, the function is at least compatible withreacUonB (seep 568above) 
Substituting the value ii/d log I =* 0 66 in equation 4,' the preliminary figure 
for El turns out to be approximately 0 7 This indicates that the reaction 
mixture probably lies in the lower half of tone B A more rigorous method 
for determining K and E, and hence E, is therefore in order The method 
had been appbed to cholinesterase and proshgmme by Easson and Stedman (7) 



Fro 5 Graphic method of determining £T and E (molar) for scrum choUnesterase- 
physosdgmlne system by plotting //» X 10* a gains t 1/(1 — i) Vahies are tabulated 
in Table I £ — ordinate intercept of the straight Ime 2.7 X 10 • K *“ slope 
of the itralght line - 3 7 X lb' 1 • - observed values. O - interpolated values 

Let equation 2 B be divided by » Then, 

f- x ih + * ® 

This equation is linear with respect to 7/t and 1/(1 — i ) A plot having these 
terms as ordinate and fthykaa. respectively will therefore yield a straight line 
if the observed values are compatible with the assumptions upon which the 
equation is based the slope will numerically equal K, and the ordinal intercept 
will equal E Calculated values of lf\ and 1/(1 - i) appear in columns D 
and E of Table II and are plotted m Fig 5 

Since i and (1 — i) appear as the denominators of these two terms, a small 
absolute error in i will have the greatest numerical effect on Ijt when i * 0, 

• Equation 4 defines the term dt/d log V However, since / differs from I' by a. 
constant K, the expression for slope used here wffl be equal to the term in equation 4 
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and on 1/(1 — i) when t — 1 For these numerical reasons, and because ex- 
perimental accuracy of the determination of % also falls off at the extremes, this 
method is most practical for values of t between 0 2 and 0 8 

The points m Fig 5 are seen to he on a straight line, from the slope and in- 
tercept of which it is found that K = 3 7 X 10~ 8 and E = 2 7 X 10~ 8 molar, 
so that E' ss E/K ~ 0 73 This value agrees with the estimate obtained by 
use of equation 4 It is, however, a more rigorous test of the compatibility 
of the data with equation 2B since it embraces a larger segment of the whole 
curve The value of E' obtained by this method places the system cholin- 
esterase-physostigmine in horse serum within zone B (£' — 3 29 m undiluted 
serum) We should therefore expect on theoretical grounds that the dilution 
effect ought to be demonstrable in tins system The actual correspondence 
between theory and experiment may now be presented. 

Dilution Effect 

(a) Method — For determination of the effect of diluting various mixtures of 
enzyme and inhibitor, the Warburg apparatus was used (method of Ammon 
(8)), since this method permits measurement of a wide range of reaction veloci- 
ties The temperature, pH, order of addition of reactants, tuning, and con- 
centrations were substantially the same as with the method of Friend and 
Krayer Satisfactory agreement is ob tamed with uninhibited serum by the 
two methods when reduced to terms of millimoles acetylcholine hydrolyzed 
per liter of 100 per cent serum per hour Measurements were made over the 
period from 3 to 23 minutes after addition of substrate, except m the case of 
22 2 per cent serum (reaction mixture concentration) when, because of the high 
reaction velocity, 3 and 13 minute readings had to be used 

(b) Results — In the absence of inhibitor the velocity of acetylcholine hy- 
drolysis at various dilutions was approximately proportional to the serum con- 
centration A slight tendency for the velocity to increase relative to serum 
concentration was noted at the greatest dilutions, but this was probably on a 
basis of less CO 2 retention than at greater concentrations of serum 

The experimental results are summarized m Table m Each horizontal 
row represents the inhibition in a single enzyme-mhibitor mixture, determined 
at four different dilutions (1 c , I/E held constant) Observed values are in 
bold-face type, and for each such value are calculated (from equation 7 B) 
the corresponding points at every other dilution and in undiluted serum Thus 
in each horizontal line are found one observed value and four corresponding 
values 

For a given mixture at a particular dilution the observed and calculated 
values are seen to agree quite satisfactorily, with two or three exceptions at the 
extremes of dilution and inhibition The best set of values is that for I/E = 
10 7, where the inhibition (t) varies from 0 85 to 0 19 if the mixture is diluted 
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from 22.2 per cent to 1 0 per cent of its initial concentration, while m undiluted 
serum a* it would exist in the experimental animal, the inhibition a 0.96 


TABLE m 

Ejftd of DUuiion on Inhibition, i 
Ef In undilated scram — 3.29 


Seram eooomtj*- 
tlon In pet cent 
of andlhit*d tenfln 

ljOQ 


9J» 

32J 

JD0 

I/E 







0 020 

0 OS 

0 14 

0 24 

0 43 

1 1 

0 020 

0 07 

0 12 

0 21 

0 39 


0 015 

0 06 

0 10 

0 18 

0 33 


0 025 

0 10 

0 17 

0 30 

0 S3 

4 8 


0 09 


0 24 

0 43 



0 11 


0 30 

0 53 


0 02 

0 OS 

0 14 

0 24 

0 43 

2 1 

0 05 

0 IS 

0 28 

0 46 

0 74 


0 05 

0 17 ! 

0 28 j 

0 46 

0 74 


0 05 

0 19 

1 0 30 

| 0 48 

0 76 

9 1 


0 36 


0 72 

0 91 



0 33 


0 69 

0 90 


0 18 

0 50 

0 67 

0 83 

0 96 

10 7 

0 21 

0 64 

0 70 

0 85 

0 96 


0 20 

0 52 

0 68 

0 84 

0 96 


0 21 

0 54 

0 70 

0 86 

0 96 


0 22 

0 55 

0 71 

0 86 

0 95 

21 5 

0 37 

0 72 

0 84 

0 93 

0 98 


0 30 

0 64 

0 70 

0 90 

0 97 


0 30 

0 64 

0 79 

0 90 

0 97 


0 78 

0 92 

0 97 

0 99 

0 998 

215 

0 56 

0 86 

0 94 

0 97 

0 995 


0 50 

0 82 

0 90 

0 96 

0 99 


0 50 

0 82 

0 90 

0 96 

0 99 


Although these experimental data do not constitute a perfect verification of 
our theoretical pr emis es, we believe that they are sufficiently impressive to 
serve os strong corroborative support for the validity of equation 7 B , and con 
sequently of the zone concept m general. Apart from all theoretical considers 
turns, the practical corollary of equation IB has been adequately proven 
that it b unwarranted to assume that determinations of the state of an enzyme 
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inhibitor system m vitro give an accurate picture of the state of that system m 
the circulating serum It is now possible for the first tune to calculate these 
serum enzyme inhibitions m mvo and furthermore to compare the results of 
different investigators, who may use various methods involving a variety of 
dilutions of the enzyme-inhibitor mixture 

Turnover Number 

Since under the experimental conditions described, 1 liter of uninhibited reaction 
mixture hydrolyzes IS millimoles of acetylcholine m 20 minutes, and since E •= 2 7 X 
10~ s molar, it follows that each active enzyme center breaks down 450 molecules of 
acetylcholine per second This turnover number is 34? that reported by Easson 
and Stedman (7), and our dissociation constant is 3 to 4 times that reported by 
Roephe (9) working on serum cholinesterase largely freed of inert protein by the 
method of Stedman and Stedman (10) Roepke, moreover, noted that 3 to 4 times 
as much physostigmine was necessary to produce a given inhibition in crude serum 
as in the purified product, probably because of fixation of inhibitor by inert protein 
Inspection of equation 2 B shows that a false high value of J, resulting from such a 
circumstance, would raise the apparent value of E, and account for the direc- 
tion of divergence m our figure for the turnover number Nevertheless, we wish to 
emphasize that our values of K and E, and the conjugate values of i and / so obtained, 
fit the results within the hmits of experimental error, and that the values obtained 
with purified enzyme are inapplicable to crude serum, which, after all, is what circu- 
lates in the vessels of the experimental animal 

' DISCUSSION 

Evolution of the Concept of Zone Behavior 

Since there is nothing in the foregoing analysis of the union of one enzyme 
center with one molecule of substrate or inhibitor that is not implicit m the law 
of mass action, the question arises why the differences m zonal behavior and the 
dilution effect have not previously been pointed out and put to use The an- 
swer perhaps lies m the formulation itself It has been shown that the enzyme 
systems that have most frequently been used as prototypes for general discus- 
sions of enzyme kinetics ordinarily behave like monomolecular reactions (are 
pseudomonomolecular) under the conditions of measurement, i e , they lie in 
zone A The chohnesterase-physostigmme system used as a prototype m this 
paper was examined at enzyme concentrations that place the system in a zone 
where the monomolecular function no longer adequately describes the results 
obtained Easson and Stedman (7), recognizing this fact m then paper on the 
kinetics of a similar system, correctly used the full second order function but 
did not carry the analysis to its ultimate conclusion 

Although a first order kinetic function has the advantage of simplicity, its 
application to a true second order reaction such as the reversible union of an 
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enzyme and its inhibitor may lead to serious error under conditions where the 
concentration of the second reactant becomes of importance. It therefore 
seemed sounder to us to set up the function covering the reversible union of two 
reactants to form a complex, and then to attempt to establish rigorous limits 
within which the use of the monomolecular function causes less than some defi 
nite and negligible error It has become apparent in the course of this analysis 
that such systems show not two, but three zones of behavior a zone adequately 
described by the monomolecular function (zone A), a zone where the full 
brmolecular function must be used (zone 13), and finally a zone m which the 
reactants will appear to combine with each other stoiduometncally according 
to the law of definite proportions, although the reaction is still fully reversible 
(zone C) 


Biological Significance oj Zone C Bcfumor 
The likelihood that many enzymes, at the points where they function in tis 
sue, are highly concentrated and therefore in zone C with respect to their 
substrates or to inhibiting substances has already been mentioned. It follows 
from the stoichiometric behavior of the reactants m this zone that if a biological 
effect is found to be a linear function erf the dose or concentration of an inhibitor, 
one need not necessarily conclude that the reaction is irreversible, but only 
that, if reversible, the reactant with which the inhibitor combines has a specific 
concentration high enough to place the system in zone C 
There is another conclusion which should prove to have widespread practical 
application in experimental pharmacology Since in zone C inhibition (t) is 
equal to the ratio I JE without reference to K, and since it is precisely the disso- 
ciation constant K that distinguishes one inhibitor from another in the effect 
upon a given enzyme, it follows that for any enzyme in tissue at fairly high 
concentration, all reversible inhibitors should produce the identical effect, provided 
only that the various values of K are all of such magnitude that the system 
remains in zone C A simple example will illustrate the point. Let us consider, 
as Nachmansohn (11) has shown that cholinesterase in the body a very highly 
concentrated at the motor end-plates, for example, £ n 10 We will now 
assume two inhibitors, one, like physostigmine, with K about 10 , the other 
with K about Iff* Having determined the dissociation constants in dilute 
serum, and having observed the greater potency of physostigmme under such 
conditions, we would naturally assume that the biological response to this drug 
would be far greater, perhaps a hundred tunes as great. We now see, on the 
contrary that since both values of K are such as to leave the system within zone 
C there should be no demonstrable difference m the biological action of the two , 
drugs. If this prediction is sound, we must conclude that with drugs of this 
type it is futile to seek increased potency except as such efforts aredirected 
toward the problems of toxicity, distribution, inactivation, 
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Definition of Zone Boundaries in Terms of I 

Since reaction B, denoting the reversible union of two reactants, is symmetri- 
cal with respect to both reactants, the question arises why the specific enzyme 
concentration, E', rather than the specific inhibitor concentration, I', has been 
used to define the zone boundaries The answer lies in the fact that the choice 
of variables in the function relating the concentrations of the reactants and 
their complex (equation 3B), is determined by what quantities are conveniently 
measurable and what quantities it is desirable to calculate by means of these 
equations It is usually convenient to measure the total concentration of 
inhibitor employed, and it seems logical to employ a term to denote the total 
concentration of enzyme, E Since in most enzyme work the fraction of total 
enzyme, i, that is m the combined form is of Jprimary interest, it is both logical 
and convement to introduce this asymmetrical term into the kinetic equations 
However, under circumstances where interest was focused upon the fraction of 
total substrate or inhibitor that is combined with enzyme, there would be equal 
justification for exchanging the places of E and I and letting i now represent 
■^combined/ d total The zone boundaries would then be determined by the specific 
inhibitor concentration, whose numerical boundary values will be the same 
as those for E’ The application of this concept to an analysis of the rate of 
destruction of acetylcholine at the nerve ending in relation to the refractory 
period of the nerve will be treated in a note to be published later 

Extension of the Analysis to More Complex Systems 

It has been emphasized that this analysis can be applied to any reaction of 
the form A + B^AB This would include many antigen-antibody reactions, 
weak acid or base dissociations, solubility products, etc , as well as certain 
enzyme systems 

In considering the case of an enzyme combining with substrate alone, we 
must, of course, make the customary “steady state” assumptions for reaction 
A (E -f- X EX — » E + Sp), the concentration of EX remaining constant and 
that of X not changing appreciably during the reaction The combined 
form of the enzyme is now active, so that we may call ( ES)/E the fractional ac- 
tivity, and designate it by a, which will then be substituted for t in all the equa- 
tions With this minor reorientation, the analysis applies to uninhibited 
enzyme reactions, which should display the same zone behavior and dilution 
effects already demonstrated for inhibited systems 

For reactions of a higher kinetic order, it will be desired to generalize the 
foregoing analysis to apply to the case where one molecule of a reactant com- 
bines reversibly with n molecules of a second reactant ( E + nl EI n ) It can 
be shown by the same steps used to derive equation 3B that 
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where E* «=* E/\/~K, and V «= I/\/ r K This is merely a more generalized 
form of equation 3 B, and the same analysis can be applied to derive zone 
boundaries and the equations describing the dilution effect All statements 
applying to the zones will still apply In general, as n increases the boundaries 
of zone B will approach each other Equation 7 A describing the dilution effect 
in zone A becomes 


An increase in n very markedly increases the change of inhibition with dilu- 
tion, an effect that can be experimentally measured. This function thus pro- 
vides a very sensitive criterion for testing the number of molecules of inhib itor, 
for instance, that combine to form an inactive complex. 

Limitations of This Analysts 

The analysis developed in this paper is incomplete m at least one important 
respect, as a consequence of which important limitations are placed upon some 
of our conclusions. As already mentioned at the outset, the assumption of a 
reversible reaction between enzyme and inhibitor makes it mandatory also to 
assume that the addition of substrate for purposes of determination results in 
the displacement of a certain number of inhibitor molecules from combination, 
provided only that inhibitor and substrate combine with the same active center 
of the enzyme molecule. Thus substrate addition must cause a decrease in * 
That the effect can be noticed e\ en within the initial 20 mmute penod required 
for the determination was indicated on p 575 We have pointed out that the 
quantitative Significance of this competition effect will depend upon the con 
stants for any particular system A completely valid treatment, however, 
should be based upon the final equilibrium attained between enzyme, inhibitor, 
and substrate, rather than upon the first two alone More accurate values of 
K and E could then be obtained, for if competition is significant within the first 
20 minutes the curve of Fig 4 may no longer be interpreted on the basis of 
reaction B and equations 2 B and 3 B Work placing the competition effect on a 
sound theoretical and experimental basis is now in progress m this Laboratory 
and will be the subject of a subsequent publication. 

Despite its inadequacies, the present non-compctitnc treatment nevertheless 
applies fully (1) to the case of an inhibitor which reversibly inactivates an 
enzyme by combining at a different point from the substrate or by causing 
physical alteration of the enzyme molecule, (2) to the case of uninhibited en 
zyme-substrate and other comparable systems, provided the substrate concen 
tration does not change appreciably during the course of the reaction The 
present treatment applies practically to the case where competition is not 
significant compared with the function being measured It is on this basis that 
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we feel justified m illustrating our method and confirming the dilution effect 
by means of the cholmesterase-physostigmme system, which has in the past 
been considered practically non-competitive 

SUMMARY 

1 The kinetics of the reversible combmation of one enzyme center with one 
molecule of a substrate or inhibitor is treated as a true bimolecular instead of a 
pseudomonomolecular reaction The general equations describing such a 
reaction are presented and analyzed algebraically and graphically 

2 A new term, “specific concentration,” is introduced to denote the concen- 
tration of reactants in units equal to the dissociation constant Its use makes 
the kinetic equations universally applicable to all reversible systems of the 
given type 

3 It is shown that such a system exhibits three "zones” of behavior Each 
zone is characterized and shown to exhibit significant differences m the function 
relating the concentrations of the components of the system at equilibrium 
The zone boundaries are rigorously defined m terms of the specific enzyme con- 
centration, for the mathematical error tolerable with a given experimental 
accuracy, and approximate boundaries for practical use are proposed 

4 The classical treatment of enzyme kinetics is shown to be a limiting case 
vahd only for low specific enzyme concentrations (zone A) and to be inappli- 
cable m a number of systems whose dissociation constants are very small or 
whose molar enzyme concentrations are very great, and m which, therefore, the 
specific enzyme concentrations are large See Table I for a summary of zone 
differences 

5 In an enzyme system containing substrate or inhibitor, dilution before 
determination of reaction velocities is shown to be a crucial operation, entailing 
large changes in the fraction of enzyme m the form of a complex The changes 
m fractional activity or inhibition with dilution are shown to be a function of 
specific enzyme concentration, the dilution factor, and the fraction of enzyme 
initially m the form of complex Equations are given permitting the calcula- 
tion of the state of the system at any concentration The errors introduced 
into physiological work by failure to take the dilution effect mto account are 
pomted out 

6 Experimental data are presented showing that the system composed of 
serum cholinesterase and physostigmine behaves as predicted by the dilution 
effect equations 

7 Two other conclusions of practical pharmacological importance are drawn 
from the theoiy of zone behavior 

(a) The finding that a biological response is a linear function of the dose of a 
drug does not necessarily mean that the reaction is irreversible, but only that 
if reversible, the reactant with which the drug combines has a high specific 
concentration 
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(b) If a tissue enzyme has a high specific concentration, oil reversible mhibi 
tors -will be equally potent in combining with it, regardless of their relative 
potency in dilute systems provided only that their dissociation constants are 
within certain broad limits. 

8 It is shown how the type of analysis here applied to bimolecular reactions 
can be applied in tolo to systems of the type E + nX ^±EX n , where n molecules 
of substrate or inhibitor unite with one enzyme center The zone boundaries 
and the magnitude of the dilution effect change with «, but the general charac- 
teristics of the zones are the same for all values of n 

9 Since the analysis is based only on mass law assumptions, it is applicable 
to any system that is formally analogous to the one here treated* 

We wish to express our gratitude to Dr Otto Krayer, who made available the 
facilities of his laboratory and under whose patient guidance this work was 
brought to completion. Thanks are also due Dr John T Edsall for generous 
advice and criticism during preparation and revision of this paper 

REFERENCES 

1 Michaebs, L., and Men ten, M. L. Btockan Z Berlin, 1913, 49, 1333 
2. Haldane, } B S, Enzymes, London Longmans, Green & Co , 1930 
3 Linerreaver, IL, and Burk, D , J Am Chan Soc ^ 1934 68, 658. 

4, Van Slyke, D D , / Biel, Chcm 1922 52, 525 

5 Husaey R. G , and Northrop, J H., J Gai Pkystfi., 1923, 6, 335 

6 Fnend, D G and Krayer 0 J Pharmacol, and Exp Tkcrap , 1941 71, 246. 

7 Easson, L. EL, and Stedman, E. Proc. Ray Soc. London, Series B , 1936 127, 142 

8 Ammon, R., Arch. Physxol , 1934 233, 486. 

9 Roepke, M. H., / Pharmacol and Exp Tkcrap , 1937 69, 264. 

10 Stedman E., and Stedman, E , Bwchan. J London, 1935 29, 2563 

11 Nachmansohn, D , Yale J Biol, and Med., 1940 12, 565 




INDEX TO AUTHORS 


A BRAMS, Irving, and Sollner, 
^ Karl, The structure of the 
collodion membrane and its elec 
trical behavior VL The prota 
mine-collodion membrane, a new 
electropositive membrane, 

369 

Albauu, H. G See Potter and 
Albaum, 443 

Allen, Thomas Hunter, Ons, Ar- 
thur B , and Bodine, Joseph 
Hall. The pH stability of pro- 
tyrosinase and tyrosinase, 

151 


T~)uBOlS K. P See Potter and 
DuBois, 391 

p'NTENMAN, C See Zilversmit, 
Entenman, and Fishler, 

325 

— See Zilvekshit, Entenman 
Fishler, and Chaieofe, 333 

Ericsson, John O See Martin, 
Erickson, Putnam, and Neurath, 
533 

— See Pitta am, Erickson, Vol 

kin, and Neurath, 513 


I>AKER, Dwight, and Nelson, 
^ J M Tyrosinase and plant res- 
piration, 269 

Beecher, Henry TL See Craio 
and Beecher, 467. 473 

Bliss, Alfred F Derived photo- 
sensitive pigments from inverte- 
brate eyes, 361 

Bodine, Joseph Hall. See Allen 
Ons, and Bodine, 151 


f ^ AKR , Charles W Sec Sollner 
^ and Carr, 17, 309 

Chaikoit, I L See Zilversmit, 
Entenman, Fishier, and Chai 
KOFF, 333 

Chick, Arthur J See Lynn, Zwe 
her, Chick, and Miller, 

179 


Copley, Alfred L , Krchma, Lud- 
wig C , and Whitney, Mary E 
Humoral rheology I Viscosity 
studies and anomalous flow prop- 
erties of human blood systems with 
heparin and other anticoagulants, 


Craig, Francis N , and Beecher, 
Henry K. The effect of carbon 
dioxide tension on tissue metab- 
olism (retina), 473 

— and — The effect of low oxygen 
tension on tissue metabolism (ret 
inn), 467 


P'ISHLER, M C See Zilversmit, 
x Entenman, and Fishier, 

325 

— See Zilversmit, Entenman, 
Fishier, and Chaikoff, 333 

OAFFRON, Hans The effect of 
VwJ specific poisons upon the photo- 
reduction with hydrogen in green 
algae, 195 

— Reduction of carbon dioxide 

coupled with the oxyfaydrogen re- 
action in algae, 241 

— and Rubin, Jack. Fermentative 

and photochemical production of 
hydrogen m algae, 219 

Goldstein, Avram. See Straus 
and Goldstein, 559 

Grant, W Morton See Kinsey 
and Grant, 119, 131 

Grifetths, James T , Jr., and Tau 
ber, Oscar E. Effects of pH and 
of various concentrations of sodium, 
potassium, and calcium chloride 
on muscular activity of the isolated 
crop of Pertplanda . cmzncana 
(Orthoptera) 541 

Grob, David The antiproteolytic 
activity of serum L The nature 
and experimental variation of the 
antiproteolytic activity of serum. 


587 



588 


INDEX 


Grob, David The antiproteolytic 
activity of serum H Physiological 
significance The influence of puri- 
fied trypsin inhibitor on the coagu- 
lation of the blood, 423 

— Ill Physiological significance 
The influence of trypsin and of 
antiprotease on bacterial growth 
and sulfonamide action, 431 

tTALPERT, Wesley See Wag- 
1 - 1 reich, Halpert, and Hirsch- 
MAN, 479 

Htrschman, Albert See Wag- 
reich, Halpert, and Hirschman, 

479 

J AHN, Theodore Lotos, and 
Wdlff, Verner John Alloca- 
tion of electrical responses from 
the compound eye of grasshoppers, 

75 


IZINSEY, V Everett, and Grant, 
^ W Morton Further chemical 
studies on blood-aqueous humor 
dynamics, 119 

— and — The mechanism of aque- 
ous humor formation inferred from 
chemical studies on blood-aqueous 
humor dynamics, 131 

Krchma, Ludwig C See Copley, 
Krchma, and Whitney, 49 


T ePAGE, G A See Vogler, Le- 
-*~- v Page, and Umbrett, 89 

Lynn, John G , Zwemer, Raymund 
L , Chick, Arthur J , and Miller, 
August E A new method for 
the generation and use of focused 
ultrasound in experimental biology, 

179 


A/TARTTN, Donald S , Erickson, 
John 0 , Putnam, Frank W , 
and Neurath, Hans Native and 
regenerated bovine albumin II 
Imm unological properties, 

533 


Miller, August E See Lynn, 
Zwemer, Chick, and Miller, 

179 

Morales, Manuel F Some ther- 
moanalytic studies of organ and 
whole animal respiration, 381 

‘\TELSON, J M See Baker and 
Nelson, 269 

Neurath, Hans See Martin, 
Erickson, Putnam, and Neu- 
rath, 533 

— See Putnam, Erickson, Vol- 

kin, and Neurath, 513 

QSTERHOUT, W J V Diffusion 
^ potentials in models and m 
living cells, 293 

— Increased irritability m Nilella 

due to guanidine, 65 

— Pacemakers m Nilella III 

Electrical altemans, 457 

Ons, Arthur B See Allen, Otis, 
and Bodine, 151 

DESKIN, James C The regenera- 
A tion of visual purple in the living 
animal, 27 

Pickels, Edward G Sedimentation 
m the angle centrifuge, 341 

Plachte, Frank L See Straus and 
Goldstein, 559 

Potter, V R , and Albaum, H G 
Studies on the mechanism of hy- 
drogen transport in animal tissues 
VII Inhibition by ribonuclease, 

443 

— and DuBois, K P Studies on 

the mechanism of hydrogen trans- 
port m animal tissues VI In- 
hibitor studies with succinic de- 
hydrogenase, 391 

Putnam, Frank W , Erickson, 
John 0 , Volkin, Elliot, and 
Neurath, Hans Native and re- 
generated bovine albumin I 
Preparation and physicochemical 
properties, 513 

— See Martin, Erickson, Put- 
nam, and Neurath, 533 


authoib 


589 


T9 TjBIN, Jack, See Gaferon and 

AV Rubin, 219 

CEVAG, M G , and Shelburne, 

^ M Cyanide-sensitive bacterial 
respiratory systems different from 
the usual cytochrome-cytochrome 
ocdase system, 1 

— See Smolens and Sevao, 11 

Sbedlovsky, Theodore. The elec 

trical conductivity of sodium and 
potassium guaiacolates m guaiacol, 
287 

Shelburne, M See Sevao and 
Shelburne, 1 

Sams, Henry S The use of a 
measurable cause of death (hemor 
rhage) for the evaluation of aging, 
169 

Suolens, J , and Sevao, M G 
The antigenicity of d ribonudease, 
the inhibition of the enzyme by 
its homologous immune serum, 
11 

Sollner Karl, and Cakr, Charles 
W The structure of the collodion 
membrane and its electrical be- 
havior XV The relative merits 
of the homogeneous phase theory 
and the micellar-structural theory 
as applied to the dried collodion 
membrane, 17 

— and — V The influence of the 

thickness of dried collodion mem- 
branes upon their electromotive 
behavior, 309 

— See Abrams and Sollner, 

369 

Straus, Oliver H., and Goldstein, 
Avrail Zone behavior of en 
zymes illustrated by the effect of 
dissociation constant and dilution 
on the system cholinesterase phy 
sostigmine, 559 

Swanson, C P Differential sensi- 
tivity of prophase pollen tube 
chromosomes to i rays and ultra 
violet radiation, 485 


T AUBER, Oscar E See Grip 
A EZTHS and Tauber, J4X 

T JMBREIT, W W See Vocler, 
EePage, and Umbrett, 89 

— See Vooler and Uubreet, 

157 

VTOGLER, K- G Studies on the 
v metabolism of autotrophic bac- 
teria. 11 The nature of the chemo- 
synthetic reaction, 103 

— , LePaoe, G A, and Uubreit, 
W W Studies on the metabolism 
of autotrophic bactena. L The 
respiration of ThobacUttis llno- 
oxidans on sulfur 89 

— - and Umbreit, W W Studies on 
the metabolism of the autotrophic 
bacteria. XU The nature of the 
energy storage material active fn 
the chemosynthetic process, 

157 

Voi.rin, Elliot See Putnam, 
Erickson, Vouon, and Nuurath, 
51 3 

\7yAGREICH, Harry, Halpert, 
Wesley, and Hirschman, Al 
beri The influence of ammo 
acids on the reactivation of yeast 
mvertase, 479 

Walker, Paul Anurew Physical 
properties of the allantoic and 
amniotic fluids of the chick. 1. 
Specific conductance, 495 

— H. Hydrogen ion concentration, 

503 

Wettnev, Mary E See Copley, 
Krchua, and Whitney, 49 
Wilson, J B , and Wilson, P W 
Action of inhibitors an hydrogen- 
ase in Atolobader 277 

Wilson, P W See Wilson and 
Wilson, 277 

Wulte, Vekner John See Jahn 
and Wulft, 7S 



590 


INDEX 


VTLVERSMIT, D B , Entenman, 
C , and Fishler, M C On the 
calculation of “turnover time” and 
“turnover rate’’ from experiments 
involving the use of labeling agents, 

325 

— , — , — , and Chaikoff, I L The 


turnover rate of phospholipids m 
the plasma of the dog as measured 
with radioactive phosphorus, 

333 

Zwemer, Raymond L See Lynn, 
Zwemer, Chick, and Miller, 

179 



INDEX TO SUBJECTS 


zlCIDS, amin o, 
^ activation of 


influence on re- 
yeast mvertase, 
479 


Aging, use of measurable cause of 
death (hemorrhage) for evaluation 
of, 169 

Aibumm, bovine, native and re- 
generated, immunological proper 
ties, 533 


— , bovine, native and regenerated, 
preparation and physicochemical 
properties, 513 

Algae, caroon dioxide reduction 
coupled with oxy hydrogen reaction 
in, 241 


— , fermentative and photochemical 
production of hydrogen in, 219 
— , green, effect of specific poisons 
upon pnotoreduction with hydrogen 
m, 195 

Allantoic and ammotic fluids of duck, 
physical properties, hydrogen ion 
concentration, 503 

— and ammotic fluids of duck, 

physical properties, specific con 
ductance, 495 

Ammo acids, influence on reactivation 
of yeast mvertase, 479 

Ammotic and allantoic fluids of chide, 
physical properties, hydrogen ion 
concentration, 503 

— and allantoic fluids of duck, physi- 
cal properties, specific conductance, 

495 

Anticoagulants, viscosity studies and 
anomalous flow properties of human 
blood systems with hepann and, 

49 

Antigemdty of d ribonudease, inhibi- 
tion of enzyme by homologous 
immune serum, 11 

Antiprotease and trypsin, influence on 
bacterial growth and sulfonamide 
action, physiological significance of 
antiproteolytic activity of serum, 
431 


Antiproteolytic activity of serum, 
nature- and variation, 405 

— activity of serum, physiological 

significance, influence of purified 
trypsm inhibitor on blood co- 
agulation, 423 

— activity of serum, physiological 
significance, influence of trypsm 
and antiprotease on bacterial 
growth and sulfonamide action, 

431 

Aqueous humor-blood dynamics, 
chemistry, 119 

— humor formation, mechanism in- 
ferred from chemical studies on 
blood-aqueous humor dynamics, 

131 

Autotrophic bacteria, metabolism, 
nature of chemosynthetic reaction, 

103 

— bacteria, metabolism nature of 
energy storage material active in 
chemosynthetic process, 157 

— bacteria, metabolism, respiration 
of TkiobaciUus Uneuxtdans on sulfur, 

89 

Azoiobadtr hydrogenase, action of 
inhibitors, 277 


D ACTERIA, autotrophic, metabo- 
^ hsm, nature of chemosynthetic 
reaction, 103 

— , autotrophic, metabolism, nature 
of energy storage material active m 
cfaemoayntheticprocess, 157 

— , autotrophic, metabolism, respira 
txm of ThobactUus iktooxtdans on 
sulfur, 89 

Bacterial growth and sulfonamide 
action, influence of trypsm and 
antiprotease, physiological sigrufi 
cance of antiproteolytic activity of 
serum, 431 

— respiratory systems, cyamde-sensi 
tive, different from usual cyto- 
chrome-cytochrome oxidase system, 


591 



592 


INDEX 


Biology, method for generation and 
use of focused ultrasound in, 

179 

Blood coagulation, influence of puri- 
fied trypsm inhibitor, physiological 
significance of antiproteolytic 
activity of serum, 423 

— plasma See Plasma 

— systems, human, viscosity studies 
and anomalous flow properties with 
heparin and other anticoagulants, 

49 

Blood-aqueous humor dynamics, 
chemical studies, mechanism of 
aqueous humor formation inferred 
from, 131 

— humor dynamics, chemistry, 

119 


^ALCrUM, sodium, and potassium 
chloride, various concentrations, 
and hydrogen ion concentration, 
effects on muscular activity of 
Peri-blaneta americana isolated crop, 

541 


Carbon dioxide reduction coupled 
with oxyhydrogen reaction m algae, 

241 


— dioxide tension, effect on metabo- 
lism of retina, 473 

Cattle albumin, native and regen- 
erated, immunological properties, 

533 

— albumin, native and regenerated, 

preparation and physicochemical 
properties, 513 

Cells, living, and models, diffusion 
potentials m, 293 

Centrifuge, angle, sedimentation m, 

341 

Chemical, physico-, properties, and 
preparation, of native and regen- 
erated bovine albumin, 513 

Chemistry, blood-aqueous humor 
dynamics, 119 

— , blood-aqueous humor dynamics, 
mechanism of aqueous humor 
formation inferred from, 131 
Chemosynthetic process, nature of 
energy storage material active in. 


in metabolism of autotrophic bac- 
teria, 157 

— reaction, nature, m metabolism of 

autotrophic bacteria, 103 

Chohnesterase-physostigmme system, 
zone behavior of enzymes illustrated 
by effect of dissociation constant 
and dilution on, 559 

Chromosomes, pollen tube, prophase, 
differential sensitivity to x-rays and 
ultraviolet radiation, 485 

Coagulation, blood, influence of puri- 
fied trypsm inhibitor, physiological 
significance of antiproteolytic ac- 
tivity of serum, 423 

Collodion membranes, dried, structure 
and electrical behavior, influence of 
thickness upon electromotive be- 
havior, 309 

— membranes, dried, structure and 
electrical behavior, relative merits 
of homogeneous phase theory and 
micellar-structural theory, 17 

— membranes, structure and electn- 

. cal behavior, 369 

Conductance, specific, of allantoic 
and amniotic fluids of duck, 

495 

Conductivity, electrical, of sodium 
and potassium guaiacolates m 
guaiacol, 287 

Constant, dissociation, and dilution, 
zone behavior of enzymes illustrated 
by effect, on cholmesterase-phy- 
sostigmine system, 559 

Crop, isolated, of Periphnela amen- 
cana, effects of hydrogen ion con- 
centration and of various concen- 
trations of sodium, potassium, 
and calcium chloride on muscular 
activity, 541 

Cyanide-sensitive bacterial respira- 
tory systems different from usual 
cytochrome-cytochrome oxidase 
system, 1 

Cytochrome-cytochrome oxidase sys- 
tem, usual, cyanide-sensitive bac- 
terial respiratory systems different 
from, 1 



SUBJECTS 


593 


T^EATH, use of hemorrhage for 
• L/ evaluation of aging, 169 

Dehydrogenase, succinic, inhibitor 
studies with, mechanism of hydro- 
gen transport m animal tissues, 
391 

Diffusion potentials in models and 
living cells, 293 

Dissociation constant and dilution, 
effect on cholinesterase-physostig 
mine system, rone behavior of 
enzymes illustrated by, 559 
Dynamics, blood-aqueous humor, 
chemistry, 119 

— , blood-aqueous humor, mechanism 
of aqueous humor formation m 
f erred from chemical studies on, 
131 


ELECTRICAL altemans in Nttdla, 
^ 457 


— behavior and structure of dned 

collodion membranes, influence of 
thickness, 309 

— behavior and structure of dned 
collodion membranes, relative 
merits of homogeneous phase theory 
and micellar-structural theory, 

17 

— conductivity of sodium and potas- 
sium guaiacolates m guaiacol, 

287 


— responses from compound grass- 
hopper eye, allocation, 75 

Electropositive membrane, pro* 
tamine-collodion, 369 

Energy storage material active m 
chemosynthetic process, nature in 
metabolism of autotrophic bac- 
teria, 157 

Enzyme, d ribonuclease, inhibition by 
homologous immune serum, 1 1 
Enzymes, zone behavior illustrated by 
effect of dissociation constant and 
dilution on cholmesterase-phy 
sostigmme system, 559 

Eye, grasshopper compound, allocs 
tion of electrical responses from. 


Eyes invertebrate, derived photosen 
aitive pigments from, 361 


pERMENTATIVE and photo- 
chemical production of hydrogen 
in algae, 219 

Row properties, anomalous, and vis- 
cosity studies of human blood 
systems with hepann and other 
anticoagulants, 49 

Fluids, allan toic and ammo tic, chick, 
physical properties, hydrogen ion 
concentration, 503 

— , allantoic and ammo tic, chick, 
physical properties, specific con- 
ductance, 495 


(TJ.RASSHOPPER eye, compound, 
^ allocation of electrical responses 
from, 75 

Growth, bacterial, and sulfonamide 
action, influence of trypsin and 
antiprotease, physiological signifi- 
cance of antiproteolytic activity of 
serum, 431 

Guaiacol, electrical conductivity of 
sodium and potassium guaiacolat® 
m, 287 

Guanidine, irritability in Nildla in- 
creased by, 65 

H emorrhage, measurable 

cause of death, use for evaluation 
of aging, , ^ 

Hepann and other anticoagulants, 
viscosity studies and anomalous 
flow properties of human blood 
i systems with, ^9 

Homologous immune Berum, inhibi- 
tion of enzyme i ribonudease by, 

Humoral rheotogy, viscosity studies 
and anomalous flow properties of 
human blood systems with hepann 
and other anticoagulants, 49 
Hydrogen fermentative and photo- 
chemical production m algae, 

— ion concentration of allantoic and 
smmotic fluids of chid, 

— ion concentration stability oi proj-_ 
tyrosinase and tyrosinase, 

. — ion concentration and 
centrations of sodium, 



596 


INDEX 


Retina, metabolism, effect of carbon 
dioxide tension, 473 

— , metabolism, effect of low oxygen 
tension, 467 

Rheology, humoral, viscosity studies 
and anomalous flow properties of 
human blood systems with heparin 
and other anticoagulants, 49 
Ribonuclease, inhibition of hydrogen 
transport mechanism m animal 
tissues by, 443 

— > i~, antigenicity, inhibition of 
enzyme by homologous immune 
serum, 11 

Roentgen rays and ultraviolet radia- 
tion, differential sensitivity of pro- 
phase pollen tube chromosomes, 

485 

QED MENTATION m angle centn- 
fuge, 341 

Sensitive, cyanide-, bacterial respira- 
tory systems different from usual 
cytochrome-cytochrome oxidase 
system, 1 

Sensitivity, differential, of prophase 
pollen tube chromosomes to x-rays 
and ultraviolet radiation, 485 
Serum, antiproteolytic activity, 
nature and variation, 405 

— , antiproteolytic activity, physio- 
logical significance, influence of 
purified trypsin inhibitor on blood 
coagulation, 423 

— , antiproteolytic activity, physio- 
logical significance, influence of 
trypsin and antiprotease on bac- 
terial growth and sulfonamide 
action, 431 

— , immune, homologous, inhibition 
of enzyme d-ribonuclease by, 

11 

Sodium, potassium, and calcium 
chloride, various concentrations, 
and hydrogen ion concentration, 
effects on muscular activity of 
Penfilaneta amencana- isolated crop, 

541 

— and potassium guaiacolates in 
guaiacol, electrical conductivity, 

287 


Sound, ultra-, focused, method for 
generation and use in biology, 

179 

Specific conductance of allantoic and 
amniOtic fluids of chick, 495 

Succinic dehydrogenase, inhibitor 
studies with, mechanism of hydro- 
gen transport in animal tissues, 

391 

Sulfonamide action and bacterial 
growth, influence of trypsin and 
antiprotease, physiological signifi- 
cance of antiproteolytic activity of 
serum, 431 

Sulfur, respiration of Thtobactllus 
Ihiooxidans on, 89 

npHERMOANALYTIC studies of 
“*■ organ and whole animal respira- 
tion, 381 

T Inobactllus tlnooxidans, respiration 
on sulfur, 89 

Tissue metabolism, retina, effect of 
carbon dioxide tension, 473 

— metabolism, retma, effect of low 

oxygen tension, 467 

Tissues, animal, mechanism of hydro- 
gen transport, inhibition by ribo- 
nuclease, 443 

— , animal, mechanism of hydrogen 
transport, inhibitor studies with 
succinic dehydrogenase, 391 

Transport, hydrogen, mechanism, in 
animal tissues, inhibition by ribo- 
nuclease, 443 

— , hydrogen, mechanism, in animal 
tissues, inhibitor studies with suc- 
cinic dehydrogenase, 391 

Trypsin and antiprotease, influence on 
bacterial growth and sulfonamide 
action, physiological significance of 
antiproteolytic activity of serum, 

431 

— inhibitor, purified, influence on 

blood coagulation, physiological sig- 
nificance of antiproteolytic activity 
of serum, 423 

Turnover rate of phospholipids in 
plasma of dog measured with 
radioactive phosphorus, 333 

— time and turnover rate, calculation 



SUBJECTS 


597 


from experiments mvolvinj use of 
labeling agents, 325 

Tyrosinase and plant respiraton, 

269 

— and protyrosmase, hydra en ion 
concentration stability, 151 

TJLTRASOUND, focused, nethod 
u for generation and use m lology, 

179 

Ultraviolet radiation and z rays, 
differential sensitivity of pophase 
pollen tube chromosomes o, 

485 


yiSCOSITY studies and anomalous 
flow properties of human blood 
systems with hepann and other 
anticoagulants, 49 

Vision, regeneration of visual purple 
in living animal, 27 

RAYS Set Roentgen rays. 


YfrlAST mvertase, reactivation, 
1 fluence of ammo acids, 


in 

479 



